An absorption feature is occasionally reported around 11 µm in astronomical spectra, including those of forming stars. Candidate carriers include water ice, polycyclic aromatic hydrocarbons (PAHs), silicon carbide, crystalline silicates or even carbonates. All are known constituents of cosmic dust in one or more types of environments, though not necessarily together. In this paper we present new ground-based 8-13 µm spectra of one evolved star, several embedded young stellar objects (YSOs) and a background source lying behind a large column of the interstellar medium (ISM) toward the Galactic Centre. Our observations, obtained at a spectral resolution of ∼ 100, are compared with previous lower resolution data, as well as data obtained with the Infrared Space Observatory (ISO) on these and other targets. By presenting a subset of a larger sample our aim is to establish the reality of the feature and subsequently speculate on its carrier. All evidence points toward crystalline silicate. For instance, the 11 µm band profile is well matched with the emissivity of crystalline olivine. Furthermore, the apparent association of the absorption feature with a sharp polarisation signature in the spectrum of two previously reported cases suggests a carrier with a relatively high band strength compared to amorphous silicates. If true, this would either set back the evolutionary stage in which silicates are crystallised, either to the embedded phase or even before within the ISM, or else the silicates ejected from the outflows of evolved stars retain some of their crystalline identity during their long residence in the ISM.
INTRODUCTION
The composition and evolution of cosmic dust is of great astrophysical interest as it from these tiny, sub-micron sized seeds that planets grow. With their enhanced wavelength coverage over the ground-based atmospheric windows at 2.9-3.4, 8-13 and 16-23 µm, the Infrared Astronomical Satellite (IRAS), Infrared Space Observatory (ISO) and Spitzer space telescope provided great impetus and progressively larger strides in the study and understanding of cosmic dust. This has been inclusive of ices and refractory species like silicates, amongst other less abundant components (e.g. Molster et al. (2010) , Henning (2010) , Gibb et al. (2004) ). Of particular note has been the 'crystalline revolution', beginning with ISO, in which routine detection of crystalline silicates and even the study of their specific mineralogies has occurred.
Before the space-based spectrometers the existence of such crystalline silicates had been proposed in only a few E-mail: c.wright@adfa.edu.au (CMW) sources. For the massive embedded YSO AFGL 2591 it was based on the presence of a 'shoulder' or 'inflection' around 11 µm in its conventional absorption spectrum, along with an accompanying polarisation signature (Aitken et al. (1988) ; Wright et al. (1999) ). For other sources it was based on a similarly placed emission feature in the spectra of several comets, e.g. Comet Halley (Bregman et al. (1987) ; Campins & Ryan (1989) ), and the debris disk around β Pictoris (Aitken et al. (1993) ; Knacke et al. (1993) ).
Through necessity these earlier identifications were typically based on the presence of only a single spectroscopic feature, whilst ISO and Spitzer covered the location of several other cosmic dust bands in the mid-and far-IR which could obviously strengthen identification of a candidate carrier. In so doing it was discovered that crystalline silicates exist around many different types of astrophysical sources, including dust factories (i.e. winds of evolved stars wherein dust condenses) and repositories (i.e. circumstellar disks around T Tauri and Herbig stars). The 11 µm and accompanying spectral features were predominantly in emission -indicating a temperature of several hundred Kelvin -such that the dust was obviously located in close proximity to the central star, perhaps the inner regions of the disk and/or above it within a disk 'atmosphere' (Chiang & Goldreich (1997) ; Calvet et al. (1992) ).
Few examples of 11 µm absorption were found, where the dust would be much colder, less than ∼ 100 K, and located in the outer disk or envelope. For instance, Demyk et al. (1999) concluded that crystalline silicates comprised no more than 1-2% of the silicates in the envelopes of two massive embedded YSOs, AFGL7009S and IRAS19110+1045. Further, no feature was found in the ISM, where according to some models of cosmic dust evolution (e.g. Jones & Nuth (2011) ) it resides during the interval between its ejection from evolved stars and eventual deposition into a star forming region. For instance, based on the lack of an 11 µm absorption feature Kemper et al. (2005) and Kemper et al. (2004) placed an upper limit mass fraction of 2.2% on crystalline silicates, with a most likely value of around 1%, along the ∼ 8 kpc path to the Galactic Centre, which intersects both diffuse (atomic) and dense (molecular) clouds. See also Li et al. (2007) , who -using the same spectrum -raise the upper limit to 3-5% by assuming that the component in molecular clouds grows a water ice mantle, the broad 11-13 µm librational band of which effectively masks (or washes out) the narrower 11 µm crystalline silicate band. [Curiously, Min et al. (2007) also used the very same spectrum to infer the presence of SiC, which has a feature around 11.3 µm.]
Several scenarios have been put forward to explain the lack of a crystalline component in cold silicate dust. In one model the silicates condense as partially crystalline in the outflows of evolved stars, but are completely amorphised in the ISM by such processes as cosmic ray irradiation on a timescale as short as 70 Myr (e.g. Bringa et al. (2007) ). Another instead proposes that the lifetime of dust -against destructive processes like sputtering and shattering in interstellar shocks -is only about 4 × 10 8 years, less than the ∼ 2 × 10 9 year cycling time between ejection and deposition (Draine (2009) ). In this model the dust in the ISM is not stardust, but is predominantly made in the ISM, having re-condensed as entirely amorphous behind shock fronts. Obviously in both scenarios the ISM silicate dust population is amorphous, and thus so are the silicates eventually deposited into a molecular cloud, the gravitational collapse of which forms a new generation of stars. Consequently, the crystalline silicates seen around newly formed stars must have been annealed, probably within their inner disks when exposed to temperatures of ∼ 1000 K (van Boekel et al. (2004) ). They are then seen in emission.
In those cases where 11 µm absorption has been detected, either from ground-or space-based facilities, its identification has in many instances been ambiguous. See for example Boogert et al. (2004) and Kessler-Silacci et al. (2005) . For instance, a potential carrier is water ice, which has a relatively strong and broad libration band centred between ∼ 12 and 13 µm for its crystalline and amorphous end members respectively (Maldoni et al. (1998) ). On the basis of accompanying strong 3.1 µm water ice absorption, such an identification was made by Soifer et al. (1981) and Roche & Aitken (1984b) for the OH/IR stars OH 231.8+4.2 and OH 32.8-0.3 respectively. For similar reasons de Muizon et al. (1986) also ascribed water ice to the feature in the IRAS spectra of two additional OH/IR stars, as well as the embedded YSO AFGL 4176. On the other hand, Smith & Herman (1990) found no corresponding feature of water ice at 3.1 µm in the spectrum of the OH/IR star OH 138.0+7.3, and suggested instead that the 11 µm absorption could be explained by annealed (i.e. crystalline) silicate.
Another potential carrier could be hydrocarbons, known to have a strong emission feature at 11.25 µm in the presence of ultraviolet radiation. In this context, Bregman et al. (2000) identified absorption centred at 11.25 µm in the embedded YSO MonR2 IRS3 with a C-H out-of-plane vibrational mode of PAH molecules, based on an accompanying PAH absorption at 3.25 µm.
More recently, with the aid of the longer wavelength coverage of ISO and/or Spitzer, Demyk et al. (2000) and de Vries et al. (2014) found that the dominant contributor of 11 µm absorption in their respective samples of OH/IR stars is crystalline forsterite. For a sample of protostars Riaz et al. (2009) instead suggest that water ice is the dominant component. On the other hand, Spoon et al. (2006) and Poteet et al. (2011) were able to firmly identify 11.1 µm absorption with crystalline silicate -notably the Mg end member forsterite -in the Ultraluminous Infrared Galaxy (ULIRG) IRAS08572+3915 and the envelope of the Class 0 YSO HOPS-68 respectively. Even more recently, Fujiyoshi et al. (2015) detected absorption bands of both crystalline olivine and pyroxene, as well as SiC, in the Subaru/COMICS 8-13 µm spectrum of the Class I YSO SVS13. The review of literature described above suggests that a discrete feature around 11 µm is much rarer in absorption than it is in emission, especially in the spectra of young stars. And where such a band is inferred its identification is problematic, especially if only seen in isolation within the 8-13 µm atmospheric window. But is this really the case, or is its rarity instead due to insufficient signal-to-noise and/or an inappropriate observational approach? We have attempted to answer this question by conducting a mid-IR spectroscopic survey of a select sample of targets, motivated principally by the existence of an inflection at 11 µm in low resolution (R ∼ 40) spectra of many objects in the mid-IR polarisation atlas of Smith et al. (2000) .
In this paper we present selected ground-based results of a much larger body of work, which is still being worked upon. Here we include 8-13 µm spectra of the cold silicate dust in the envelopes or disks of several massive embedded YSOs as well as the path to the Galactic Centre. As a 'control', or 'template', we include the OH/IR star and dust factory AFGL 2403, confirmed to have crystalline silicates by de Vries et al. (2014) . These data are supported and complemented by ISO observations of the same and other targets from 10 to 45 µm, taken with the Short Wavelength Spectrometer (SWS). Our study is the first dedicated and systematic search for, plus statistical investigation of, the 11 µm absorption feature in these source types. For this paper we concentrate on the main phenomenological findings with some modelling of specific cases. We will present a full description of the sample and a complete discussion of the results and associated modelling in a forthcoming paper (Do Duy et al., in preparation).
OBSERVATIONS
The 8-13 µm spectra were obtained from 21/08/2005 to 27/01/2007 using the facility T-ReCS (Telesco et al. (1998) ) and Michelle (Glasse et al. (1997) ) mid-infrared long-slit spectrometers at the Gemini-S and -N telescopes respectively, under Gemini programmes GS-2006B-Q-81 and GN-2005B-Q-83. The slit width was 0.7 arcsec with T-ReCS and 0.4 arcsec with Michelle, providing a spectral resolving power of ∼ 100. Standard chopping and nodding was implemented, with the throw chosen on the basis of the source extension. The data was reduced using in-house IDL codes, with the spectrum extracted by summing the pixels across the spatial profile. Whilst not an ideal technique, for these bright sources there is little loss in S/N compared to optimised extraction methods, or Gaussian and Moffat function fits which were also tested. A standard star well-matched in airmass was used to correct for telluric features and provide the absolute flux calibration. Wavelength calibration was performed using telluric features in both the target and standard star spectra, and/or features in the filter transmission profiles.
Complementary ISO and low resolution data was taken from the ISO Highly Processed Data Product archive and Smith et al. (2000) respectively. Table 1 provides some specific observational details. The number in brackets after the SWS01 designation refers to the speed with which the 2.4-45.2 µm spectrum was taken, which in turn determines the spectral resolution and signal-to-noise. Speed 1 is fastest and least sensitive and speed 4 is the slowest and most sensitive (Leech et al. (2003) ). To produce the ISO spectra we have taken the Frieswijk de-fringed highly processed data products for the SWS01 Astronomical Observing Template (AOT), sigma-clipped them about a chosen S/N ratio, and then binned or smoothed them in wavelength bins appropriate for the respective SWS01 speeds. For SWS06 AOTs we have used the latest pipeline Auto-Analysis Result (AAR) product, sigma-clipped and then binned at a resolution more coarse than the fringe period. Figure 1 shows the reduced Gemini 8-13 µm spectra of our targets, including the control source AFGL 2403, three YSOs and SgrA IRS3. Along with the well known deep amorphous silicate absorption centred around 9.7 µm there is also a shallow feature around 11 µm, which is relatively deeper in AFGL 2403. The inflection seen at R 40 in the UCLS spectra presented in Smith et al. (2000) , shown also in Figure 1 as solid circles, is resolved here into a bona fide absorption band. For comparison we also show the ISO spectra of each object, noting however that they may contain relatively narrow artefacts around 9.35, 10.1 and 11.05 µm (with FWHM of 0.3, 0.1 and 0.1 µm respectively) introduced by imperfect correction for the Relative Spectral Response Function (RSRF) of the ISO-SWS. See Leech et al. (2003) .
RESULTS

Spectra
The Gemini spectrum of AFGL 2789 (V645 Cyg) is consistent with those previously published by Hanner et al. (1998) and Bowey et al. (2003) at lower spectral resolution, inclusive of the abrupt 'jump' in flux around 11 µm. Also, the Gemini spectrum of AFGL 2136 is consistent with the similar resolution 8.2-11.0 µm segment presented by Skinner et al. (1992) , inclusive of the rather sharp minimum around 9.7 µm.
For the relatively isolated and point-like YSOs AFGL 2136 and AFGL 2789 (Monnier et al. (2009) ) all three of their spectra are in reasonable agreement in both level and shape. For the OH/IR star AFGL 2403 the shapes are consistent but the flux levels are notably different for all three spectra, which is possibly due to intrinsic variability for this type of source (Jiménez-Esteban et al. (2006) , Smith (2003) , Glass et al. (2001) , Herman & Habing (1985) ). W3 IRS5 is a mid-IR double source (van der Tak et al. (2005) ), separated by about 1.1 arcsec along a position angle of ∼ 37
• and embedded within more diffuse emission. The Gemini-Michelle spectrum presented here is of the slightly brighter NE component, which van der Tak et al. (2005) call MIR1, whilst the UCLS and ISO observations included both sources as well as the extended emission. This probably explains the slightly different fluxes, increasing from the Gemini to UCLS to ISO spectra in accordance with the increasing beam size of the respective observations. It probably also at least partly accounts for the apparent difference in the silicate depth between the Gemini and other spectra.
Perhaps the best demonstration of the advantages of 8-13 µm narrow slit absorption spectroscopy over broad beam observations is the Galactic Centre data set. Clearly there is a very large difference in the depth of the silicate feature between the Gemini and ISO data sets. There were two observations available in the ISO archive, one centred on IRS7 and the other on Sgr A * , which are very consistent with each other (see Appendix A). They have been coadded for Figure 1 . The Sgr A * spectrum was first presented by Lutz et al. (1996) and subsequently by Kemper et al. (2004) , who -along with Min et al. (2007) and Li et al. (2007) -concluded from its seemingly smooth and featureless profile was entirely due to amorphous silicate, and thereby placed limits on other possible constituents.
As well as varying amounts of extinction across the centre of the Galaxy (e.g. Schödel et al. (2010) ; Scoville et al. (2003) ), even on spatial scales smaller than the 14 ×20 ISO beam, within that beam there are multiple mid-IR sources as well as extended emission comprising the N-S arm and E-W bar of the mini-spiral. Obviously such a complicated source structure will impact on the observed spectrum, e.g. partially 'filling in' the silicate absorption feature. Our Gemini observations are instead much closer to the ideal 'pencil beam' absorption experiment, and thus well suited to revealing trace mineralogical structure.
Another contributor to the aforementioned silicate depth difference, and the probably related narrowness of the minimum of W3 IRS5 as well as AFGL 2136, is the presence of NH3 and/or CH3OH ices at 9.0 and 9.7 µm respectively. This is almost certainly the case for methanol for AFGL 2136, based on the work of Skinner et al. (1992) and Gibb et al. (2004) . Neither ice material has been identified in 3-10 µm ISO spectroscopy of W3 IRS5, e.g. Dartois & d'Hendecourt (2001) , Gibb et al. (2004) and Gibb et al. (2001) , or 3 µm ground-based spectroscopy of Brooke et al. (1996) . But our Gemini spectra of both the NE and especially SW components (to be presented in Do Duy et al., in preparation) have a very similar shape between 9 and Aitken et al. (1988) ; b Previously presented in Wright (1994) ; c Previously published in Wright et al. (2008) 10 µm to those of W33A and NGC7538 IRS9, two ice-rich deeply embedded YSOs with confirmed detections of NH3 and CH3OH (Gibb et al. (2000) , Lacy et al. (1998) ).
Such ices would be unlikely in the case of AFGL 2403, whilst for SgrA IRS3 their contribution would be very small, if at all existent (based on the relatively small optical depth of the 3 µm water ice feature toward the Galactic Centre, compared to YSOs, to be discussed in a following section). But we note that their spectra in Figure 1 also show evidence for either a discrete feature at 9.7-9.8 µm (AFGL 2403), or again a narrow minimum of the 8-13 µm absorption band (SgrA IRS3). The feature in AFGL 2403, as well as another around 9.3 µm (probably from crystalline enstatite), are more or less replicated in the ISO spectrum so are likely to at least be partially real. For SgrA IRS3 the silicate depth is in good agreement with that of Pott et al. (2008) , obtained at lower spectral resolution (R ∼ 30) but higher spatial resolution (mid-IR interferometry).
Unfortunately there are also potential artefacts that could produce a very deep and/or narrow minimum of the silicate band. One is that telluric ozone at 9.6 µm can make interpretation in this part of the spectrum problematic, such that some authors choose not to even show this segment of their data. But as seen in Table 1 our target and standard star airmasses are well matched. For example, there is no residual water vapour features at 11.7 µm or 12.5 µm in Figure 1 , and the division of the standard spectrum into the source spectrum has not produced large 'up-down'-type Figure 1 . Gemini 8-13 µm spectra of the five targets listed in Table 1 . The W3 IRS5 spectrum is of the slightly brighter NE component of this close double, also called MIR1 in van der Tak et al. (2005) . For comparison lower spectral resolution data (solid circles) are also provided, obtained with the UCL Spectrometer (UCLS) and previously presented in the spectral atlas of Smith et al. (2000) , scaled by factors of 0.4, 1.3, 1.0, 0.9 and 1.5 for AFGL 2403, W3 IRS5, SgrA IRS3, AFGL 2789 and AFGL 2136 respectively. Also shown is the higher spectral resolution data (solid lines) from ISO, being the Highly Processed Data Products from the ISO data archive, scaled by 0.20, 0.20, 0.01, 0.9, 0.8 respectively for AFGL 2403, W3 IRS5, SgrA IRS3, AFGL 2789 and AFGL 2136. The final panel instead shows a series of EMT models for amorphous olivine with increasing crystalline olivine content, using a CDE. See text for details.
artefacts that could occur if the two spectra were not well aligned. Thus we do not expect a significant contribution from poor ozone correction to the apparent depth of the silicate feature in our spectra. As some evidence of this the spectrum of a second position -which we call IRSX and will discuss in a following section -obtained from the same Gemini-Michelle observation as SgrA IRS3 shows no anomalous structure around the ozone wavelength. This strongly suggests that a reliable correction has been achieved (see also Appendix A).
The other artefact is difficult to quantify. As noted by Roche et al. (2015) and Roche et al. (2006) the T-ReCS and Michelle detectors suffer crosstalk between their different readout channels, especially prominent for bright sources (Sako et al. (2003) ). Whilst obvious in imaging observations it is less so for spectroscopy, but can potentially diminish the signal along the spectral direction, and so perturb the level and shape of the silicate minimum. This will be discussed in more detail in our following paper with a larger sample (Do Duy et al., in preparation) .
Models
Pre-empting the discussion to follow later, the final panel in Figure 1 shows a series of models containing an increasing quantity of crystalline olivine inclusions within an amorphous silicate matrix. Effective Medium Theory (EMT) has been used, wherein an 'average' or effective dielectic function -equivalently and otherwise referred to here as refractive indices or optical constants -can be derived from the optical constants of two or more constituent materials. See Bohren & Huffman (1983) for general details.
For Figure 1 we have used the Maxwell-Garnett (MG) mixing rule, which requires defining so-called matrix (or host) and inclusion materials, here being amorphous and crystalline silicates respectively, as well as the volume fraction occupied by the inclusions. Although the generalised MG formula can accommodate spheroidally shaped inclusions this introduces an extra free parameter which is unconstrained by any observations of which we know. Thus the version we use assumes spherical inclusions.
Different optical constants for the amorphous silicate have been tested, including 'astronomical silicate' of Draine (2003b) and olivine from Dorschner et al. (1995) . The olivine species with equal iron and magnesium content, i.e. MgFeSiO4, from Dorschner et al. is used for the models in Figures 1, 2 and 3 . This has also been used by different authors in their own studies of cosmic dust, e.g. toward the Galactic Centre by Kemper et al. (2004) and Min et al. (2007) .
Similarly, various crystalline silicate optical constants have been trialled, such as those of crystalline olivine from Mukai & Koike (1990) , crystalline Mg1.9Fe0.1SiO4 from Fabian et al. (2001) and crystalline forsterite from Sogawa et al. (2006) and Suto et al. (2006) . Those of Mukai & Koike are used for Figures 1, 2 and 3, but our results are qualitatively (though not necessarily quantitatively) similar irrespective of the specific combination of optical constants used (Do Duy et al., in preparation) . Models with a volume fraction of crystalline olivine of f=0.01, 0.025, 0.05, 0.075, 0.10, 0.15 and 0.20 are shown in the final panel in Figure 1 .
Absorption cross sections C abs are calculated in the Rayleigh approximation, i.e. the grain size is much smaller than the wavelength. This is almost certainly a valid assumption in our case even for grain sizes up to about a micron (Somsikov & Voshchinnikov (1999) ) in size, let alone for the 0.1 µm grains typically inferred for the ISM (Mathis et al. (1977) ). Given the Rayleigh approximation is valid for the entire grain then of course it is also valid for the EMT inclusions.
Calculations assume a single spheroidal shape, e.g. oblate with a principal axis ratio of 2:1, or a continuous distribution of ellipsoids (CDE, in our case actually spheroids). The latter is used for Figure 1 , comprising both oblate and prolate particles, from an axis ratio of 1:1 (i.e. a sphere) up to 5:1, all with equal probability. What is actually plotted in Figure 1 however is not the absorption cross section, but instead the quantity exp(-C abs ) which 'mimics' an absorption spectrum.
We have ran tests for different types of CDEs, e.g. with Gaussian weights and different maximum axis ratio, and oriented spheroids as well as randomly oriented ellipsoids (as given in Min et al. (2003) ). Results are qualitatively similar (Do Duy, in preparation), but the single shape or oriented spheroids are potentially more realistic. This is because all of the targets presented here (apart from AFGL 2403) show mid-IR polarisation (Smith et al. (2000) ). This is a certain sign that at least some of the dust grains along the path to each object are aligned, probably with their short axes along the ambient magnetic field direction (Lazarian (2007) ). Obviously this also argues against using any kind of model which assumes spherical dust grains.
Extracting the 11 µm feature and its optical depth
At least two approaches can be made to extract the 11 µm feature and its optical depth. For instance, the amorphous silicate profile can firstly be extracted by fitting a Planck function B(λ,T) to the 8 and 13 µm points to determine a colour temperature T 8/13 . Subsequently the optical depth τ λ is calculated from F obs = B(λ, T 8/13 )×exp(−τ λ ), where F obs is the observed flux. This is not an entirely physical approach as it assumes that the dust has zero emissivity at 8 and 13 µm. Although these wavelengths are certainly near or even at the edges of the amorphous silicate Si-O stretching band, cosmic dust still retains some emissivity there, as beautifully demonstrated in Figure 10 of Fritz et al. (2011) . This shortcoming can be alleviated by scaling the fluxes by a factor equal to an assumed emissivity at these wavelengths, e.g. that of the Trapezium region in Orion. This has historically been used to model in a straightforward way the 8-13 µm spectra of objects within molecular clouds and star forming regions (e.g. Gillett et al. (1975) , Hanner et al. (1998) , Smith et al. (2000) ). Thereafter a new T 8/13 and amorphous silicate profile can be determined. However, this does not help with another assumption implicit in this approach, namely that the warm dust emitting behind the absorbing column is optically thick, and thus can be approximated as a black-body. This will be true in many cases (e.g. Smith et al. (2000) ) but will not always be true, in which case the underlying emitting dust would have a silicate emission feature and the extracted optical depth under-estimated (although the relative magnitude of the under-estimate will decrease with increasing absorption depth). A powerful demonstration of how different a real continuum can be to a polynomial or even Planck-like contunuum connected between observed fluxes can be seen in Figure 10 of Fritz et al. (2011) . They determined the 1-19 µm extinction to the Galactic Centre from hydrogen recombination lines, and subsequently deduced the unextinguished (overlying) spectrum. Nowhere do the unextinguished and observed spectra equal each other.
Even so, this approach has the advantage of simplicity and consistency, and is commonly used (e.g. de Vries et al. (2014) and de Vries et al. (2010) , but who instead used a linear interpolation across 8 to 13 µm rather than a blackbody fit). After extracting the 9.7 µm feature the 11 µm absorption profile can then be extracted by fitting a low order polynomial from around 10 µm to 12-13 µm, masking out the data in between these wavelengths. Optical depths calculated in this way, and especially the relation between the 9.7 and 11 µm depths for the entire sample, will be presented in Do Duy et al. (in preparation) .
In this paper however we use a simpler approach which is less susceptible to the above-mentioned assumptions, but provides no information on the amorphous silicate band. In this approach a polynomial is fit to the observed spectrum between the ranges of about 9.8-10.3 µm and 12.1-13 µm, the precise ranges being dependent on the data quality (e.g. signal-to-noise and/or other instrumental or telluric artefacts). These ranges form a 'local' or 'quasi' continuum and are chosen to be short enough to be as free as possible from potential (strong) cosmic dust spectral features but long enough to adequately constrain the polynomial fit. We Figure 2 . Polynomial fits to 10-13 µm portion of the Gemini spectra in Figure 1 , as well as a representative EMT model, in this case oblate 2:1 with a volume fraction of crystalline olivine of 0.05. The W3 IRS5 spectrum is of the slightly brighter NE component of this close double, also called MIR1 in van der Tak et al. (2005) .
recognise that real information can be lost (or perhaps even false information injected) with any method of removing a continuum, as cautioned by Jones (2014) , which is why we perform the same steps on our model. Polynomial fits are shown in Figure 2 for the same five targets as in Figure 1 . A sample model treated in precisely the same way, in this case for a crystalline olivine volume fraction of 0.05, is shown in the last panel. We note here that broadly equivalent approaches were used by Poteet et al. (2011) and Spoon et al. (2006) to extract their 11 µm absorption features.
The 11 µm feature profile, and its optical depth τ , is subsequently calculated by extrapolating the polynomial across the interval and then deriving τ using a similar equation to that above, in this case F obs = Fcont× exp(−τ λ ), where Fcont is the local continuum given by the polynomial. The left hand panel of Figure 3 shows for the same five sources in Figs. 1 and 2 the 11 µm feature extracted in this way, whilst the right hand panel shows the model treated in precisely the same fashion for volume fractions of crystalline silicate of 0.0, 0.01, 0.025, 0.05 and 0.075. That no 11 µm feature is 'recovered' for the purely amorphous silicate lends credibility to the approach.
DISCUSSION
4.1 Central wavelength and profile of the 11 µm feature
The central wavelength of the 11 µm absorption feature is 11.10±0.10 µm for all objects. Whilst that for AFGL 2136 appears to be below 11 µm in Figure 3 this is likely to be an artefact introduced by noise and/or the defringeing process necessary for some T-ReCS spectra. The corresponding feature extracted from its ISO spectrum in Figure 1 is fully consistent with being centred at 11.1 µm. Such a central wavelength was also found for the features discovered by In the left and right hand panels are shown the optical depth profiles around 11 µm extracted from the Gemini observations of Figure 1 , and EMT models of oblate 2:1 grains with varying volume fraction of crystalline olivine inclusions. The same technique has been used for both the observations and models. The observations have been averaged in two pixel wide bins for plotting purposes. Poteet et al. (2011) and Spoon et al. (2006) in a Class 0 YSO and a ULIRG respectively. Figure 4 displays all the features again, but this time normalised to their respective peaks. Like the central wavelength the profile is also remarkably similar for each source, noting that they represent a range of different environments from a dust factory (AFGL 2403) to the ISM (SgrA IRS3) to dense molecular clouds or even circumstellar envelopes/disks (W3 IRS5, AFGL 2136). The profile is not symmetric about the peak, dropping essentially monotonically on the short wavelength side, whilst on the long wavelength side the drop is much steeper to around 11.5 µm at which point it becomes more gradual.
That the profile is so similar for sources from low (AFGL 2789) to high (W3 IRS5) extinctions strongly suggests that our technique to extract the 11 µm band is not influenced by potential crosstalk of the T-ReCS and Michelle detectors. Indeed, as seen in Figure 2 we have not used the deepest part of the silicate band -where such crosstalk might be expected to be most severe -for the polynomial fit for SgrA IRS3 and AFGL 2136.
4.2 Possible carriers of the 11.1 µm absorption Several potential candidates exist for the carrier of the 11.1 µm absorption feature reported here, including hydrocarbons, water ice, silicon carbide (SiC), carbonates and crystalline silicates. All have been identified as components of cosmic dust in one or more types of environments . Normalised profiles of the 11.1 µm absorption feature extracted from the Gemini spectra. Each profile has been divided by a peak value given by the mean between 10.9 and 11.2 µm. The observations have been averaged in two pixel wide bins for plotting purposes.
through astronomical spectra and/or as pre-solar inclusions within meteorites or interplanetary dust particles (IDPs), e.g. Boogert et al. (2015) , Zinner (2013) , Bradley (2010) and Draine (2003a) . Considering all of the above candidate species, we present arguments below which we believe strongly supports a crystalline silicate identification. If nothing else, the data itself, plus modelling and other plausibility arguments, are more consistent with crystalline silicate than any other candidate.
To assist with the discussion below we list in Table 2 for each target the optical depths at various wavelengths for which a discrete spectral feature has been detected. We have included four other sources in the table, namely a second Galactic Centre position plus the deeply embedded YSOs (DEYSO) AFGL 2591, AFGL 4176 and IRAS13481-6124. For convenience we call the Galactic Centre source SgrA IRSX, the 8-13 µm spectrum of which was obtained from the same Gemini-Michelle observation as SgrA IRS3. Its position is several arcsec south of IRS3, within the E-W bar of the SgrA mini-spiral. The three DEYSOs have previously been identified to have an 11 µm absorption band by Aitken et al. (1988) , Wright (1994) and Wright et al. (2008) respectively. These objects will be discussed more fully in following subsections (see for instance Figures 10, 13 and 14).
Water ice
Water ice possesses a librational band, the peak wavelength of which varies between about 12 and 13 µm for its crystalline and amorphous phases respectively (e.g. Mastrapa et al. (2009); Maldoni et al. (1998) ). Its astronomical identification has historically been extremely difficult, with only a handful of good cases, e.g. the embedded YSO AFGL 961 (Cox (1989) ; Smith & Wright (2011) , though see also Robinson et al. (2012) ) and a few low mass YSOs such as HH46 IRS in Boogert et al. (2008) . Its detailed study has thus been restricted, due in part to its broadness and overlap with the minimum between the 10 and 20 µm silicate bands.
In centrally heated dust shells it is also susceptible to radiative transfer effects, such that cool dust emission can 'fill-in' and essentially mask the water ice feature, as shown by Robinson (2013) and Robinson & Maldoni (2010) . For instance, whilst some of their models did result in a clearly identifiable water ice signature, even resembling the feature we observe (e.g. Fig. 14 in Robinson & Maldoni (2010) ), they predict unrealistic levels of absorption within the intrinsically much stronger 3.05 µm water ice band, certainly much higher than seen in our targets (Table 2 and Figure 5) . Further, the overall appearance of the ≥ 10 µm portion of mid-IR spectra of YSOs with possible librational band absorption in Boogert et al. (2008) is much flatter than we see in our two Gemini-observed and bona-fide embedded YSOs AFGL 2136 and W3 IRS5, as well as AFGL 2591, AFGL 4176 and IRAS13481 to be discussed in a following sub-section. These considerations, plus the difference between the expected and observed central wavelengths, already argues against a water ice explanation.
Even so, water ice absorption is definitely identified in a few of our objects at 3.05 µm (Gibb et al. (2004) ; Smith et al. (1989) ) and 6.0 µm (Keane et al. (2001) ). But in neither AFGL 2403 nor AFGL 2789 is it detected (though we note for AFGL 2403 there is little or no continuum below 3 µm in the ISO data which water ice could absorb against). See Figures 5 and 6. Thus, in at least these two sources a water ice carrier for the 11.1 µm absorption can almost certainly be ruled out.
For the Galactic Centre source SgrA IRS3 there is conflicting evidence whether it has 3 µm water ice absorption. Within a broad beam, such as that of ISO, definite absorption is detected (e.g. Chiar et al. (2000) and Figure 5 ), but several authors, including Chiar et al. (2002) , Moultaka et al. (2005) and Moultaka et al. (2004) have shown that the water ice column varies significantly, up to a factor of 5, over relatively small spatial scales of 0.5-2 pc, and certainly within the ISO beam size. This has been attributed by Chiar et al. (2002) to the clumpy nature of the molecular clouds within the Galactic Centre region.
The spectrum of IRS3 in Willner & Pipher (1982) in a 2.5 arcsec beam has a 3.4 µm hydrocarbon absorption feature (see next section) but no strong ice absorption (as stated by the authors). They instead infer that it has probable H2O gas phase bands from the stellar atmosphere, with peak absorption occurring near 2.9 µm. Indeed, it can be seen in the ISO spectrum in Figure 5 that the 'ice' feature in SgrA occurs at ∼ 2.95 µm, significantly shorter than that of the YSOs AFGL 2136 and W3 IRS5.
The spectrum of SgrA IRS3 in Pendleton et al. (1994) , obtained in a 2.7 arcsec aperture, has a smoothly rising continuum from 2.9-3.6 µm, apart from 3.4 µm hydrocarbon absorption, unlike the nearby sources IRS7 and IRS6E which have clear absorption around 3 µm. The spectra of IRS3 and IRS7 in Moultaka et al. (2004) , taken in a 0.6 arcsec slit, are very similar to those of Pendleton et al. (1994) , but that of IRS3 in Chiar et al. (2002) , also in a 0.6 arcsec slit, is very different. The work of Moultaka et al. (2005) appears to resolve the discrepancy, showing that IRS3 is coincident with a region of much reduced H2O absorption. Thus, by analogy with AFGL 2403 and AFGL 2789 it appears highly unlikely that water ice could be responsible for the 11.1 µm absorption seen in SgrA IRS3.
Finally, assuming the same carrier is responsible for all the 11.1 µm features we have detected then the clear lack of a correlation between τ11.1 and τ3.0 or τ6.0 in Table 2 almost certainly rules out water ice as the carrier. Note for instance the discrepancies between τ3.0/τ11.1 for AFGL 2591 and AFGL 4176 (as well as SgrA IRS3) and the other two YSOs AFGL 2136 and W3 IRS5.
Hydrocarbon
Our observed central wavelength is inconsistent with that expected from isolated (gas-phase) PAHs, for which the typically observed peak wavelength is at 11.22-11.25 µm, at least in the case of emission (e.g. Verstraete et al. (2001) ; Witteborn et al. (1989) ). The central wavelength may change in the case of absorption when the PAH or related hydrocarbon is embedded in or on a host matrix or perhaps as some kind of mantle constituent, e.g. together with water ice. For example, Bernstein et al. (2005) find that in a water ice matrix PAH bands in the 11-13 µm region can shift by ± 5-10 cm −1 . So a gas-phase band at 11.25 µm could feasibly occur in the range of 11.25±0.13 µm. But Bregman et al. (2000) identify 11.25 µm absorption in the embedded YSO MonR2 IRS3 with a C-H out-of-plane vibrational mode of PAH molecules, a wavelength obviously inconsistent with our data.
As shown by Witteborn et al. (1989) for the four sources they studied, the 11.25 µm PAH band does have an asym- 
Note 'nd' means 'not detected', but a 1σ upper limit may be given. The two values x/y for τ 11.1 refer to those determined from the Gemini and ISO spectra respectively. In the case of W3 IRS5 the ISO value is a lower limit since 11.25 µm PAH emission perturbs the extracted profile. Optical depths at 9.7 µm are mainly taken from Wright (1994) and Smith et al. (2000) , with the two values being appropriate for optically thick (i.e. featureless blackbody-like) and optically thin underlying emission. The value in bold face is the preferred figure based on the χ 2 of the fit. Otherwise, for SgrA τ 9.7 is from Roche & Aitken (1985) and for IRAS13481-6124 τ 9.7 is from Do Duy et al. (2001), Brooke et al. (1999) , Smith et al. (1989) , Willner et al. (1982) ; the 6-7 µm region is heavily influenced by H 2 O gas phase lines ) AFGL 4176: Persi et al. (1986) and our own analysis of the ISO-SWS01 spectrum; the 6-7 µm region is heavily influenced by H 2 O gas phase lines (van Dishoeck & Helmich (1996) ) AFGL 2403 and AFGL 2789: Our own analysis of the ISO-SWS01 spectra metric shape, with a long wavelength wing, and is thus broadly consistent with our feature in Figure 4 . But assuming our quasi-continuum-subtracted profiles in Figure 4 are a true representation of the feature profile then its FWZI is inconsistent with the much narrower PAH emission band, which only extends between about 11.0-11.6 µm in the four targets of Witteborn et al. (1989) . Furthermore, such a PAH feature would likely be accompanied by other bands, particularly an in-plane bending mode at 8.6 µm of comparable integrated strength and an even stronger C-C mode at 7.7 µm.
No sign of 8.6 µm absorption or emission is seen in our data ( Figure 1 ), whilst that at 7.7 µm in Figure 5 for AFGL 2136 and possibly W3 IRS5 (potentially explaining the apparent 'early' onset of its 9.7 µm silicate absorption band) is almost certainly due to methane (CH4) ice as described in Gibb et al. (2004) .
Other hydrocarbon absorption features include those of aliphatic groups at 3.38, 3.42, 3.47, 6.85 and 7.25 µm, and aromatic groups at 3.3 and 6.2 µm, and have been identified in absorption spectra along several sightlines through the ISM, eg. Chiar et al. (2013) and references therein. This includes the Galactic Centre (e.g. Figure 5 and Figure 6 here, as well as Chiar et al. (2002) , Chiar et al. (2000) and Tielens et al. (1996) ), but to our knowledge no such feature around 11 µm has been postulated, let alone identified. For the Galactic Centre sightline the 3.38, 3.42 and 3.47 µm features appear as a triplet of comparable strengths, whilst for YSOs only a broad feature centred near 3.47 µm is typically detected (Brooke et al. (1999) ; though the ISO spectrum of AFGL 2136 does appear to have a discrete but weak 3.4 µm feature in Figure 5 , confirmed after extracting an optical depth spectrum from 3.2 to 3.7 µm). The 3.2-3.8 µm long wavelength wing, peaking at around 3.3 µm and which almost ubiquitously accompanies the 3 µm water ice feature in molecular clouds, is also commonly attributed to a 'continuum' of hydrocarbon absorption, e.g. Gibb et al. (2004) and Smith et al. (1989) .
Absorption at 7.25 µm is probably also present in the ISO spectra of W3 IRS5 and AFGL 2136, but not toward AFGL 2403 and AFGL 2789 ( Figure 5 ). Since neither the 7.25 nor 7.7 µm features are seen toward these latter two objects, nor features at 3.4, 6.2 and 6.85 µm, then a hydrocarbon carrier for their 11.1 µm absorption can almost certainly be ruled out.
Once again, assuming the same carrier is responsible for all the 11.1 µm features we have detected then (despite the low number statistics) the lack of a correlation between τ11.1 and any of τ3.4, τ3.47, τ6.2, τ6.85 or τ7.25 in Table 2 almost certainly rules out hydrocarbons as the carrier. Note for instance the discrepancies between τ3.47/τ11.1 for AFGL 2591 and the other two YSOs AFGL 2136 and W3 IRS5. Further, with larger sample sizes Brooke et al. (1999) and Brooke et al. (1996) find that the 3.47 µm hydrocarbon feature does correlate with the 3 µm water ice band, and Thi et al. (2006), Smith et al. (1989) and Willner et al. (1982) find that the 3.2-3.8 µm long wavelength wing also correlates with the ice band. Since there is no obvious correlation between the 11.1 µm and water ice bands (see previous subsection) then it is highly unlikely a correlation could exist between the 11.1 µm feature and these other bands. We note here that many of the objects in the aforementioned works are common to our larger sample, so these correlations will be studied in more detail in Do Duy et al. (in preparation).
Carbonates
Carbonates have been identified in interplanetary dust particles (IDPs) and meteorites, principally via bands at around 6.8 and 11.4 µm (e.g. Bradley et al. (1992) ; Sandford (1986) ; Sandford & Walker (1985) ). To our knowledge there has Figure 5 . Sigma-clipped and smoothed ISO spectra in the region of a) the 3.05 µm water ice band and b) the 7.25 µm hydrocarbon band. In (a) a hydrocarbon feature at 3.4 µm is seen toward the Galactic Centre, and perhaps also for AFGL 2136. Whilst the 3.4 µm band is certainly detected in small-beam and narrow-slit spectra of SgrA IRS3, the 3 µm absorption is relatively weak or non-existent (see text for details). That there is probably no water ice band in AFGL 2403 is demonstrated by the fact that the signal is flat from 3.1 µm onwards, unlike the cases of W3 IRS5 and AFGL 2136. In (b) there is a known 7.25 µm hydrocarbon feature toward the Galactic Centre, and probably also in the spectra of W3 IRS5 and AFGL 2136, but not toward AFGL 2789 or AFGL 2403. Probable 7.7 µm methane ice absorption is detected in AFGL 2136, and possibly W3 IRS5 and SgrA, but no 7.7 µm feature is seen in AFGL 2789 and AFGL 2403.
been no pre-solar carbonate grain detected, i.e. one with an isotopic anomaly compared to our solar system (e.g. Zinner (2013)). Carbonates have also been tentatively identified in the far-infrared spectra of a few extra-solar-system objects, including calcite (CaCO3, near 93 µm) and dolomite (CaMg(CO3)2, near 62 µm) in two planetary nebulae by Kemper et al. (2002b) and Kemper et al. (2002a) , and calcite in the solar-type protostar NGC1333 IRAS4 by Ceccarelli et al. (2002) .
If carbonates were responsible for our 11.1 µm absorption feature then they would have to be Mg-rich (i.e. MgCO3) as it is only for the Mg cation that the band occurs at 11.10 µm. For other abundant and likely cation metals Ca and Fe the feature occurs at 11.33 and 11.42 µm respectively (Lane & Christensen (1997) ). Otherwise dolomite at 11.19 µm is just within our 0.1 µm uncertainty band.
The 6.8 µm carbonate band is intrinsically several times stronger than the 11.1-11.4 µm band, providing a potentially critical diagnostic constraint. As seen in Figure 6 three of our targets do have an absorption feature centred around 6.8 µm. In fact, this feature is almost ubiquitous in the spectra of both high and low mass YSOs (Boogert et al. (2008) ; Gibb et al. (2004) ), and is seen in the ISM toward the Galactic Centre (Chiar et al. (2000) ; Tielens et al. (1996) ). At least for the YSOs it is assessed to be made up of two components, differing in their volatility, centred around 6.75 and 6.95 µm (Boogert et al. (2008) , Keane et al. (2001) ). Whilst several candidates exist for the feature(s), positive identification of either component remains a mystery (Boogert et al. (2015) ), and according to Boogert et al. (2008) the carrier cannot be the same for the YSOs and the ISM. We refer to the aforementioned papers for a discussion of the relative merits of each candidate. However, Keane et al. (2001) rule out a carbonate interpretation based on the overall shape of the observed band being poorly fit by carbonates, although they also use the perceived lack of an accompanying 11.4 µm feature to support their case, which we have shown is possibly incorrect for many sources. . Sigma-clipped and smoothed ISO spectra in the region of the 6.0 and 6.85 µm water ice and 'unidentified' bands respectively. Relatively sharp features in the spectrum of AFGL 2136, e.g. at ∼ 6.4 and 6.6 µm, arise from hot gas-phase water (van Dishoeck & Helmich (1996) ).
As for the cases of water ice and hydrocarbons, Figure 6 shows that neither AFGL 2789 nor AFGL 2403 have a feature around 6.8 µm, so that a carbonate carrier for their 11.1 µm absorption feature can almost certainly be ruled out. Further, assuming the same carrier is responsible for all the 11.1 µm features we have detected then the lack of a correlation between τ11.1 and τ6.85 in Table 2 almost certainly rules out carbonates as the carrier. Note for instance that the higher quality ISO measurement of τ6.85 for AFGL 2591 -given in Gibb et al. (2004) and compared to the much lower spectral resolution data of Willner et al. (1982) -is up to a factor of ∼ 5 lower than that of any other object, yet their τ11.1 are broadly similar.
Silicon carbide (SiC)
Silicon carbide has a lattice mode, the central wavelength of which occurs -on average -at 11.15±0.05 µm in emission (and occasionally in absorption) in astronomical spectra of carbon stars (Clément et al. (2003) ). Along with the agreement in central wavelength with our feature, the FWZI's are also reasonably consistent. Thus, SiC could be a candidate for the absorption band we observe in our small sample of Figure 1 . Pre-solar SiC has been found in meteorites, suggesting some must survive after being formed in C-star outflows. But it has not so far been unambiguously detected in the ISM (Whittet et al. (1990) ), although Min et al. (2007) inferred a fractional abundance of 2.6-4.2%, with 9-12% of the available Si in SiC grains, based on a shoulder around 11 µm in the extinction curve toward the Galactic Centre. Such a shoulder was also detected in the VLTI MIDI study of SgrA IRS3 by Pott et al. (2008) , who state it occurs at 11.3 µm and also tentatively assign it to SiC.
To our knowledge only a single detection has been claimed for the presence of SiC in the disk or envelope of a young star, namely SVS13 (Fujiyoshi et al. (2015) ). But its spectrum looks markedly different to those we present here, and the SiC identification was based largely on a unique mid-IR polarisation signature (Fujiyoshi et al. (2015) ; Smith et al. (2000); Wright et al. (1999) ). Once again we defer a full discussion of the SiC possibility to a subsequent paper describing the full sample (Do Duy et al. in preparation) . For now we instead use polarisation data in the following section to argue against SiC being the carrier.
A crystalline silicate carrier
Given the similarity of central wavelength and band profile for all five sources in Figures 1 to 4 , as well as three other YSOs to be presented in this section -AFGL 2591, AFGL 4176 and IRAS13481-6124 -we believe it is very likely that the same carrier is responsible for their 11.1 µm absorption features. Further, the above discussion highlights thatof the several possible carriers -water ice, hydrocarbons and carbonates can almost certainly be excluded in the cases of AFGL 2789 and AFGL 2403 given the lack of concomitant features in those spectra. Moreover, given the absence of a correlation between the depths of the 11.1 µm feature and 3-8 µm bands of water ice, hydrocarbons and carbonates, a strong argument exists that none of these materials can be the 11.1 µm carrier in any of the objects. Crystalline silicates and perhaps SiC therefore remain the only options. We will show later that SiC in at least three sources is highly unlikely, based on polarisation considerations.
If any trend can be seen in Table 2 it is that τ11.1 increases with increasing τ9.7, e.g. the respective values from AFGL2789 to IRAS13481-6124 to SgrA IRSX to the four other YSOs as well as SgrA IRS3 (excluding AFGL 2403 given its status as a dust factory). Interestingly, Alexander et al. (2003) find a correlation between the depth of a feature at 11.2 µm and the depth of the 9.7 µm silicate band in their sample of ISOCAM spectra of YSOs in the Corona Australis, ρ Ophiuchus, Chamaeleon I and Serpens molecular clouds. Whilst they do not show a correlation plot, they state that the proportionality is negative, which we presume to mean that the 11.2 µm depth decreases as the 9.7 µm depth increases (or vice-versa) . This then leads them to identify the 11.2 µm feature as an emissive shoulder on the silicate feature, rather than an independent feature of some other species. This seems highly unlikely to us, as many of their spectra resemble those presented here, e.g. HH100 IR in their Figure 4 and which is part of our larger sample to be presented in Do Duy et al. (in preparation) .
The putative τ9.7 -τ11.1 correlation that we find does not necessarily mean that the 11.1 µm feature must originate from a silicate. But it does mean that whatever carrier is responsible always occurs together with silicates. Moreover, given no other known cosmic dust constituent seems able to account for the 11.1 µm feature there is a strong implication that it must itself be a silicate band.
The central wavelength of 11.10±0.10 µm is consistent with crystalline silicate, especially the magnesium-rich olivine end-member forsterite. Admittedly, at first sight the observed central wavelength appears to be different to that typically quoted of ∼ 11.3 µm for crystalline forsteritic olivine of Fabian et al. (2001) and others (e.g the models in Figure 3 ). But as shown by Tamanai et al. (2006) this is likely to be a result of the conditions under which the laboratory data were taken. They showed that for freeflying, aerosol crystalline forsterite the primary bands occur at around 9.85 and 11.1 µm, shifted shortward by Comparison between observed and model 11.1 µm feaures, the latter extracted using the same polynomial technique as described in the text. The fractions of crystalline olivine in each model are 0.075 for AFGL 2403, 0.05 in W3 IRS5 and AFGL 2136, 0.025-0.05 (dotted/dashed) for SgrA IRS3 and AFGL 2789 and 0.01 for AFGL 2591, using the optical constants of Mukai & Koike (1990) along with those of Dorschner et al. (1995) . The model feature has been shifted by -0.2 µm for AFGL 2403, AFGL 2789 and SgrA IRS3, -0.25 for W3 IRS5 and AFGL 2136, and -0.29 µm for AFGL 2591, consistent with the findings of Tamanai et al. (2006) . This shift aligns the primary peak but not the secondary peaks at 10.5 and 11.9 µm, which apparently do not shift between aerosol and matrix-embedded particles in the work of Tamanai et al. (2006) . The ISO data used for AFGL 2136 and AFGL 2591 have been averaged in 20 pixel wide bins for plotting purposes.
0.20 ± 0.05 µm from the band position when the forsterite is embedded on a KBr pellet. Thus, the wavelength of the astronomical feature we detect and that expected for terrestrial crystalline forsterite are the same. On the other hand, weaker bands at 10.1, 10.4 and 11.9 µm show little or no shift. That the main bands shift and the minor bands do not shift obviously makes comparing complete forsterite profiles of laboratory and observed spectra problematic.
The feature in our 'template' or 'control' target AFGL 2403 almost certainly arises from crystalline forsterite, or at least olivine with a higher Mg than Fe content. This is because accompanying detections of both the 33.6 and 69 µm forsterite bands were made by de Vries et al. (2014) . Accepting this to be the case then the similarity of the band profile -central wavelength and overall shape -in the other sources suggests the same carrier.
As seen in Figure 7 the observed and model profiles broadly resemble each other. For the model we have used a single oblate 2:1 shape as it appears to best match the mid-IR polarisation profile of the diffuse interstellar medium dust (Wright & Glasse (2005) , Wright et al. (2002) and in preparation; see also Draine & Allaf-Akbari (2006) and Hildebrand & Dragovan (1995) ). The model profiles have been shifted shortward by 0.2-0.3 µm, in accordance with the results of Tamanai et al. (2006) and which nicely aligns the peak wavelengths at 11.1 µm. Unfortunately such a bodily shift of the profile also moves the 10.5 and 11.9 µm sub-bands, which as noted above is not replicated in the results of Tamanai et al. (2006) .
Whilst we have not attempted to optimise the comparison between the model and observed profiles in Figure 7 , the crystalline olivine volume fraction is around 7.5% in AFGL 2403, and the others vary between 1% and 5%. Assuming the density of the crystalline and amorphous silicates are the same then these figures are also their mass fractions. The value for AFGL 2403 is in reasonable agreement with the abundance (mass fraction) of 11±3% and 8±2% inferred by de Vries et al. (2014) from the 11 µm and 69 µm bands respectively. The value of 2.5-5% for SgrA IRS3 is larger than the best-fit mass fraction of 1.1% for the ISM path to the Galactic Centre of Kemper et al. (2005) or 0.6-1.5% of Min et al. (2007) , but our 'minimum' value is in reasonable agreement with the firm upper limit of 2.2% of Kemper et al. (2005) . Our range is also in reasonable agreement with the limit of 3-5% postulated by Li et al. (2007) .
As a caveat on the above figures we note that they assume the optical properties of specific silicates, i.e. the crystalline olivine of Mukai & Koike (1990) mixed with amorphous olivine MgFeSiO4 of Dorschner et al. (1995) . A different set of refractive indices, which may well have used a different technique in their determination, or have a different Mg/Fe ratio, for either one or both of the amorphous and crystalline components, may change these estimates.
As an example, when the crystalline component was changed to the forsteritic olivine Mg1.9Fe0.1SiO4 sample of Fabian et al. (2001) we were not able to obtain as good a match to the extracted optical depths. The model profile remained too narrow compared to the observations even up to a crystalline fraction of 7.5%. A proper model fit to the entire observed spectrum, as opposed to our relatively simplistic approach using a single extracted feature, is probably required in these cases. An example of this is demonstrated in Figure 8 for AFGL 2789. In this case our inferred value for the crystalline olivine fraction of 2.5-5% in Figure 7 -using Mukai & Koike (1990) optical constants -is consistent with the value of about 3% obtained from a preliminary model and which uses Fabian et al. (2001) optical constants. This model will be described in detail in Do Duy et al. (in preparation) .
4.3.1 Other signatures of crystalline silicate in the 8-13 µm region?
Our (re-)discovery of the 11.1 µm feature, and its likely association with crystalline silicate (specifically forsterite), motivated us to search for other spectral features which could strengthen this identification. Within the 8-13 µm window discrete features might be present at around 10 and 11.9 µm, with perhaps other shoulders or inflections in between, as suggested by the models in the final panel of Figure 1 . Given its large optical depth and good signal-to-noise our best ground-based spectrum for searching for other features is probably that of W3 IRS5 NE. This is presented again in Figure 9 , along with a model with a relatively large crystalline olivine volume fraction in order to emphasise the features. The model is shifted by 0.15 µm shortward, consistent with the work of Tamanai et al. (2006) , and is not meant to be a model for W3 IRS5 NE, but merely to guide the eye to possible similarities. Hanner et al. (1998) and Hanner et al. (1995) , which finds its roots in Gillett et al. (1975) . In this case it includes three separate populations of dust, resulting in mass fractions of 0.1 µm sized grains of amorphous olivine, amorphous pyroxene and crystalline forsterite of 58%, 39% and 3% respectively. Optical constants for olivine and pyroxene are taken from Dorschner et al. (1995) and for forsterite from Fabian et al. (2001) . The wavelength range 9.2-10.0 µm has been excluded from the fit due to the imperfect telluric correction around the 9.6 µm ozone band.
The spectrum of W3 IRS5 does -at least qualitatively -display features, or perhaps better described as perturbations, that are tantalisingly similar to those expected from a mixture of amorphous and crystalline olivine. These are marked in Figure 9 with vertical bars. For instance, there appears to be a very weak 11.9 µm feature. Also, in the middle of the broad 11 µm band there is a slope change in the model spectrum which is potentially reflected in the data. Similar such 'features' are also seen between 9.8-10.5 µm in both the model and data.
Crystalline silicate feature at 11.85 µm
Admittedly the existence of features other than at 11.1 µm in our Gemini spectra is not entirely conclusive. But at R 100 our ground-based spectra barely have the spectral resolution to detect the aforementioned features. Therefore we utilised the ISO-SWS database, for which R is about an order of magnitude higher and which also allows a search for crystalline features at longer wavelengths, e.g. 20-45 µm.
The left hand panel of Figure 10 shows the SWS06 spectra of the massive embedded YSOs AFGL 2136 and AFGL 4176, as well as the SWS01 spectrum of AFGL 2591. For comparison the SWS01 spectra of the OH/IR stars AFGL 2403, OH26.5+0.6 and AFGL 230 (OH127.8+0.0) are shown in the right hand panel. In much the same way that AFGL 2403 is used as a template for the 11.1 µm feature, OH26.5+0.6 and AFGL 230, as known sources of crystalline silicates, also act as templates for other potential features. This includes crystalline enstatite in the case of AFGL 230, and which we discuss in a little more detail in Appendix B. . In all three YSOs, all of which have a clear 11.1 µm absorption feature, there is also an apparent absorption band centred around 11.85 µm. That both features also exist in the OH/IR stars, known sources of crystalline silicates, suggests a similar interpretation for the YSOs. See also Sylvester et al. (1999) for detailed analysis of the OH26.5 and AFGL 230 ISO 2-200 µm spectra.
All the OH/IR template sources clearly show the 11.1 µm forsterite feature. But in addition they possess a feature around 11.6 µm, most prominent in AFGL 230 and which can be identified with crystalline enstatite. Furthermore, OH26.5 and AFGL 2403 also show a band at ∼ 11.85 µm. Similarly, the three YSOs possess such an 11.85 µm feature. Notably, the extracted 11 µm band for AFGL 2591, and probably also for AFGL 2136, in Figure 7 shows this feature, as would be expected. We also find the feature in the SWS spectrum toward the Galactic Centre ( Figure A1 ), but given the special status of this ISM path we reserve its discussion to a later section (also see Appendix A).
Since the relevant band 2C of the SWS is not documented to have a feature in its RSRF at 11.85 µm, unlike the case at 9.35, 10.1 and 11.05 µm, we assess that it is a real spectral feature in these targets. Paradoxically the nondetection of an 11.85 µm feature in the ISO spectrum of W3 IRS5 supports this contention, but which we attribute to the complicated source structure within the large ISO beam (e.g. its binary nature and extended mid-IR emission; van der Tak et al. (2005)).
Finally, although not noted by the respective authors, we point out that a band at this wavelength appears in the crystalline silicate-rich spectra of the ULIRG IRAS08572+3915 in Spoon et al. 
Crystalline silicate features at 20-30 µm
Our identification of probable crystalline silicates in our sample of YSOs (as well as the ISM toward the Galactic Centre, see Appendix A) is further strengthened when consideration is made of the 20-45 µm interval. Figure 11 shows the ISO SWS01 spectra of several of our targets, plus others, in this spectral range. The data was treated in a similar manner to that previously described, but with the following additional considerations.
Firstly, data from band 3E, with the relatively narrow wavelength interval of 27.5-29 µm, was completely neglected. It is notoriously unreliable in its spectral shape, severely affected by fringes, and in most cases can at best only be used to provide a flux (see Leech et al. (2003) ). This means that there is a small gap in our spectra, but which is partially filled by the overlapping of band 4 down to around 28 µm.
Secondly, we neglected the band 3D data beyond 27.0 µm because of the well documented blue leak, in which around 10% of the 14 µm flux leaks to the ≥ 27 µm region (see Leech et al. (2003) ). Thirdly, the band 4 data was corrected for the related effects of delayed responsivity from 40-45 µm and memory effects from 28-33 µm, which for relatively strong sources can cause a large difference in the spectral shape in these regions between the up and down scans. See Appendix C for a brief description. Notably band 3D is immune to such effects, and the up/down scans overlay almost precisely for the objects considered here.
Included in Figure 11 are a variety of sources, comprising six YSOs in (a) and (b), three OH/IR stars in (c), two Herbig Be stars in (d) and one pre-planetary nebula (PPN, HD44179 also known as the Red Rectangle) also in (d). Vertical lines mark the wavelengths of crystalline silicate features at 23.5 and 33.6 µm. The SWS spectrum of HD100546 has previously been studied in detail by Malfait et al. (1998) , and those of HD45677 and HD44179 by Molster et al. (2002) . Since the ISO-SWS aperture size increased from 14×27 to 20×33 arcsec between bands 3D and 4, and the sources may be marginally extended at these wavelengths, there could be a small flux mismatch such that the band 4 data had to be scaled to match band 3D. As previously mentioned the OH/IR stars are established sources of crystalline silicates, and the same is true for the Herbig stars and PPN objects (e.g. Molster et al. (2002) ). Thus, they are included here as templates in the study of the YSOs, few of which have previously been inferred to possess crystalline silicates (e.g. Demyk et al. (1999) ).
All of the YSOs have at least one, and in several cases two, absorption features in the 20-30 µm interval, one at about 23.5 µm and the other around 28 µm. The 23.5 µm band is visible as a shallow feature in AFGL 2591 and AFGL 4176, or as a shoulder (or inflection) in IRAS19110+1045 (G45.07+0.13) and W28 A2 (G5.89-0.39). These latter two also possess the 11.1 µm absorption feature in their ISO spectra (see Appendix B, where we also speculate on the presence of crystalline enstatite in these two YSOs). Demyk et al. (1999) and Dartois et al. (1998) previously detected the 23.5 µm feature in IRAS19110, as well as another YSO AFGL 7009S, but neither pursued an analysis. Along with W28 A2 we have found it in several other YSOs.
The 23.5 µm band has a corresponding absorption feature in the three OH/IR stars, previously presented in Sylvester et al. (1999) for OH26.5 and OH32.8, and a corresponding emission feature in the two Herbig Be stars and one PPN. It has been detected in many other sources in both ISO and Spitzer spectra of OH/IR and other evolved stars In all these cases the 23.5 µm feature is universally identified as a crystalline forsteritic band, based on its similarity to a feature seen in laboratory measurements of magnesium rich crystalline olivines (Pitman et al. (2010) ; Sogawa et al. (2006) ; Suto et al. (2006) ; Koike et al. (2003) ; Jäger et al. (1998b) ; Mukai & Koike (1990) ). To our knowledge there is no documented problem with the RSRF of the SWS band 3D, and so we favour a crystalline olivine interpretation in the much younger YSOs -still in their embedded phaseas well. A detailed discussion is deferred to a later paper (Do Duy et al., in preparation) , but in Appendix B we show the feature extracted in a similar manner to that for the 11.1 µm band, as well as comparison to a representative amorphous+crystalline silicate model.
An absorption feature at around 28 µm is also evident in the YSOs in Figure 11 , being most apparent in AFGL 2591 and AFGL 2136. The fact that this feature occurs across two separate bands of the SWS has both good points and bad points. For instance, that both the long and short wavelength sides of bands 3D and 4 respectively dip down provides a level of confidence that they trace a real spectral feature. This is despite the central wavelength being part of the 'missing' band 3E, and that the larger band 4 aperture size may include more extended emission. On the other hand, one must always be wary about features at the band edges given that the RSRF of band 4 does decrease relatively steeply from about 30 µm to 29 µm, and that we are utilising data beyond the nominal 29 µm minimum 'valid' wavelength for band 4 (Leech et al. (2003) ).
As 'insurance' against the possibility that the 28 µm feature is an artefact we have examined many tens of other SWS01 spectra covering several different source types, spectral shapes and flux levels. We do not see a pattern that would suggest our 28 µm feature identification is an artefact. A few examples are included in Figure 11 -c and -d, where there is no apparent problem with the RSRF. This is in the sense that for the objects in (c) and (d) their spectra continue to monotonically decrease in the 'transition interval' from band 3D to band 4, showing no 'anomalous' structure mimicking the shape of the RSRF in that region. Indeed, in our experience the majority of artefacts introduced by the ISO RSRF have their origin in relatively narrow 'downward' features which in turn mimic 'emission' bands in the target spectrum.
Accepting that the 28 µm feature in our YSO sample in Figure 11 -a and -b is real then once again a similar band has previously been detected. This has typically been in emission, in spectra of both dust factories (outflowing winds of evolved stars) and dust repositories (disks around young stars). These respectively include old stars in perhaps all post-main sequence evolutionary phases (Jiang et al. (2013) ; Gielen et al. (2007) ), and cicumstellar disks of Herbig Ae/Be stars (Juhász et al. (2010) ) and T Tauri stars (Watson et al. (2009) ). Again it is universally attributed to crystalline silicate based on its similarity to a laboratory band.
As already noted there is no 28 µm feature in the other sources of Figure 11 , either in emission or absorption (except perhaps for HD45677 in emission). But in the case of the OH/IR stars the crystalline silicate features appear to switch from absorption at 23.5 µm to emission at 33.6 µm. It is thus natural to conclude that the 28 µm feature is likely to be self-absorbed in these sources, due to radiative transfer effects within their circumstellar shells, and is hence difficult or impossible to distinguish against the continuum without extremely good signal-to-noise.
Finally, we note that 23.5 and 28 µm absorption bands have been identified in the crystalline silicate-rich spectra of at least one other embedded YSO, the Class 0 object HOPS-68 by Poteet et al. (2011) .
Crystalline silicate and other features at 30-45 µm
This brings our discussion to the conspicuous absence of a 33.6 µm feature in the YSOs of Figure 11 , despite the presence of this feature in absorption in HOPS-68 and in emission in all the other sources of Figure 11 -c and -d. Our current explanation is that this band is self-absorbed in most YSOs, in a similar fashion to the 28 µm band of some OH/IR stars.
A radiative transfer study, varying parameters such as the central source temperature and luminosity, circumstellar envelope density and temperature structure, and the overall opacity and dust composition, is required to test this hypothesis. Whilst beyond the scope of the present paper we have begun work on this study, but note here that this feature is also not apparent in the ULIRG IRAS08572+3915 of Spoon et al. (2006) , despite the crystalline silicate bands at lower wavelengths being clearly detected.
As some indication that spectral bands in the 30-45 µm region can go into emission, absorption or disappear depending on specific parameters of the source, we can look to the case of IRAS19110+1045. Whilst this YSO has a 3.1 µm water ice absorption band, as well as features of other ice species, in the 2-10 µm interval, they are in no way abnormal or atypical compared to the other embedded YSOs measured with ISO. Yet it is the only one with an absorption feature at ∼ 43 µm, seen in panel (b) of Figure 11 and discussed in detail by Dartois et al. (1998) , who attributed it to a lattice mode of crystalline water ice.
Similarly, in the case of the Orion YSO cluster, bright in the mid-IR and including the BN Object and IRc2, no 43 µm ice band can be discerned, as seen in panel (a) of Figure 12 , and consistent with the independent (but higher S/N) SWS06 spectrum presented in van Dishoeck et al. (1998) . Yet only an ISO beamsize or so away to the SE and NW along the outflow axis (Allen & Burton (1993) ), at the shock positions known as Pk1 and Pk2 respectively (Beckwith et al. (1978) ), the band appears prominently in emission.
To potentially further alleviate a concern that the 33.6 µm crystalline silicate feature may be absent in star forming environments we show spectra of several HII regions in panel (b) of Figure 12 . In all of them, representing a range of excitation conditions and flux levels, there is a possible feature, or indeed a plateau of emission, extending between about 32 and 37 µm. It bears a remarkable similarity to the complex of crystalline silicate bands seen for instance in the OH/IR stars, Herbig Be stars and PPN in (c) and (d) respectively of Figure 11 .
Features similar to these, and interpreted as evidence for Mg-rich crystalline silicates, were first identified in ISO-SWS spectra of star forming regions (HII regions, photodissociation regions or PDRs) by Jones et al. (1999) who claim them to be artefacts. See also Peeters et al. (2005) who cites a paper in preparation by Kemper et al., but which has not so far been published to our knowledge.
There are certainly good reasons to be careful in interpreting the presence of features in ISO-SWS band 4 spectra, given the aforementioned responsivity and memory effects. That the 'average' dust temperature is such that the Plancklike spectra of most of these targets turns over in the 30-40 µm region (see for example the spectral atlas of Peeters et al. (2002) ) also makes feature identification and extraction more complicated.
Further, in this particular range it is feasible that not only a high continuum flux but also the bright emission line intensity (e.g. [S III] at 33.481, [Si II] at 34.815 and [Ne III] at 36.014 µm) could perturb the shape of the spectrum. This would probably depend alot on the speed with which the particular SWS01 observation was conducted, being more likely for speed 1 than speed 4. In the many tens of SWS01's we have looked at -across a broad range of source types, flux levels and speeds -we have not seen an obviously attributable such effect, or at least not one which is sufficiently broad to 'mimic' a several micron wide (FWZI) emission plateau.
Finally, there are features in the RSRF of band 4 at ∼ 31, 33 and 36.5 µm which could feasibly conspire to create the observed feature (we note no in-orbit band 4 RSRF was ever derived, and hence it relies on laboratory data; Leech et al. (2003) ). But the only one which we know as having been documented to appear in fully reduced spectra is that at 33 µm, seen for instance in the SWS06 data of Orion IRc2 in Wright et al. (2000) .
We have looked into all of the above-mentioned band 4 issues, and remain confident in the reality of the solid-state dust features seen in Figure 12 . This includes the 43 µm water ice band at the Orion shock positions in Figure 12 -a, and the 33.6 and 36 µm features in several HII regions in Figure 12 -b.
A polarisation perspective
Detection of a polarisation signature from the 11.1 µm absorption band could potentially provide a valuable constraint on its carrier. Linear polarisation via dichroism obviously requires grains to be non-spherical with a particular axis mutually aligned along a common direction (e.g. Aitken (1989) ). In most alignment mechanisms it is the short axis of spinning grains which becomes aligned along the direction of an ambient magnetic field (see Lazarian (2007) ).
Assuming grains to be spheroidal -making the problem more tractable -cross sections for absorption of radiation along the major and minor axes peak at different wavelengths (Draine & Lee (1984) ). The polarisation cross section C pol is formed by a subtraction of these cross sections, in a sense magnifying small differences between them, whilst the absorption cross section C abs is formed from a sum (Lee & Draine (1985) ). Since the cross sections are also sensitively dependent on the grain dielectric function, a unique identifier of the responsible material, then spectropolarimetry -especially across a resonance -becomes a powerful probe of dust grain mineralogy, more so than conventional spectroscopy alone. Note how an inflection around 11 µm at low resolution is resolved into a bona fide absorption band at higher resolution. The inset displays the low (solid circles) and high (open diamonds) resolution polarisation spectrum, containing the sharp polarisation feature around 11.1 µm first discovered by Aitken et al. (1988) .
Polarisation-to-absorption ratio considerations
At a spectral resolution R 40 Aitken et al. (1988) first found a polarisation signature likely to be associated with 11.1 µm absorption in the massive embedded YSO AFGL 2591. They interpreted the feature to be due to a structured -as opposed to amorphous -silicate produced during an annealing episode. This was based principally on the feature having a polarisation-to-absorption ratio, or p/τ , of around 0.05 compared to a value of ∼ 0.02 for the amorphous silicate feature, as well as preliminary modelling of the 8-13 µm spectrum using the dielectric function of disordered, radiation damaged olivine.
The quantity p/τ acts as a proxy for the material band strength (opacity or cross section per gram in cm 2 /g, or C abs /V in cm −1 ) as shown by Martin (1975) . Obviously the polarisation depends on the degree of alignment of the grains and/or the angle to which the magnetic field is inclined to the plane-of-the-sky, whilst τ depends on neither. In the case of AFGL 2591 the comparison of p/τ for each dust component relies on them being similarly aligned, a safe assumption given the constancy of the observed polarisation position angle presented in Aitken et al. (1988) . Wright et al. (1999) extended the modelling of AFGL 2591 to more realistic optical properties, and found a reasonable match between observed and modelled 8-13 µm spectra using a mixture of amorphous and crystalline silicate, represented by the Draine & Lee (1984) 'astronomical silicate' and crystalline olivine from Mukai & Koike (1990) . The volume fraction of crystalline olivine inclusions occupying the amorphous silicate matrix was around 17.5%. But as will be shown later this possibly represents an absolute maximum, and could be a factor of around two lower for a different set of optical constants.
Higher resolution (R 100) observations of the AFGL 2591 11.1 µm polarisation feature obtained with the UCLS instrument, shown in Wright (1994) and here in Figure 13, confirmed its reality and revealed its profile. Similar resolution observations obtained with Michelle on UKIRT also showed it, presented in Wright & Glasse (2005) . These demonstrated that the polarisation maximum was shifted to a longer wavelength, by 0.05-0.10 µm, than the extinction maximum, a direct prediction of polarisation by dichroism.
These higher resolution data sets also established that the true p/τ of the feature is more like about 0.1, twice that inferred by Aitken et al. (1988) and suggesting an even higher band strength and thus more structured material. For instance, if the band strength of the 'astronomical silicate' of Draine & Lee (1984) is 10 4 cm −1 then that of the 11.1 µm carrier is of the order of 5×10 4 cm −1 , or 3000 and 15000 cm 2 /g respectively if expressed as an opacity. Interestingly, at 11 µm the crystalline forsterite of Fabian et al. (2001) has a band strength of around 20000 cm 2 /g along the x and y axes, in good agreement with the observed value. On the other hand, the Mukai & Koike (1990) crystalline olivine band strength is only ∼ 5500 cm 2 /g. This difference already suggests that the two sets of optical data would require different amounts of the crystalline component to match the data.
For SiC the band strength is instead around 3500 cm 2 /g and just over 5000 cm 2 /g for the Pégourié (1988) and Laor & Draine (1993) varieties respectively, whilst it ranges between 40000-90000 cm 2 /g for the samples of Pitman et al. (2008) and Choyke & Palik in Palik (1985) . These SiC values of either several thousand or several tens of thousand cm 2 /g are obviously too low and too high respectively compared to the AFGL 2591 data, and make SiC of any variety an unlikely carrier of the 11 µm feature in at least AFGL 2591. Furthermore, the silicate-SiC polarisation models presented in Fujiyoshi et al. (2015) for the YSO SVS13 show that SiC actually broadens the 8-13 µm polarisation profile, as well as shifts the peak to longer wavelengths, with an increasing SiC contribution. It is never able to reproduce the sharp peak of the relatively narrow 11.1 µm polarisation feature seen in AFGL 2591.
Since the discovery of Aitken et al. (1988) it took 20 years until a second positive detection of an 11.1 µm polarisation feature was made by Wright et al. (2008) , again in a massive embedded YSO called IRAS 13481-6124. Before that the only other possible case was AFGL 4176, also a DEYSO, presented in Wright (1994) . See Figure 14 . In these two objects the respective p/τ for the 10 and 11.1 µm bands are ∼ 0.01 and 0.05 for AFGL 4176, and ≤0.04 and ∼ 0.10 for IRAS13481.
A caveat on these p/τ comparisons at 9.7 and 11.1 µm, alluded to earlier, is that p obviously originates only from aligned dust, whilst τ could have contributions from both aligned and unaligned dust. The comparisons above would not change if there was an unpolarised component to the spectrum only so long as the mineralogy of the unaligned and aligned dust was the same. However, if there was an unpolarised component from amorphous silicates, then (p/τ )9.7 would decrease faster than (p/τ )11.1. The latter could then appear to be (unreasonably) much larger than the former, and a direct comparison misleading concerning their relative band strengths. From the modelling presented in the next subsection this could be the case for AFGL 2591, although it does not change our assessment of crystalline silicates. On the other hand, if there was a polarised component Wright et al. (2008) and Wright (1994) respectively, along with an extrapolated polynomial across the 11.1 µm feature. The insets show the polarisation data, demonstrating a positive detection of a feature around 11.1 µm in IRAS13481 and a tentative detection in AFGL 4176. The IRAS13481 data was obtained with TIMMI2 in January and June 2006 at the ESO 3.6 m telescope, whilst the conventional spectrum of AFGL 4176 was obtained with the UCLS on the ANU 2.3 m telescope in January 1989 and the polarisation data acquired with the UCLS on the AAT in May 1992. The bottom panel shows the optical depth spectra of the extracted 11.1 µm feature, which is obviously very similar in central wavelength and profile to those in Figure 7 . The narrow features around 11.7 and 12.5 µm in IRAS13481 are due to telluric absorption bands.
from amorphous silicates, then (p/τ )9.7 would be unchanged whilst (p/τ )11.1 would decrease. In this case the latter could then appear to be (unreasonably) much lower than it would otherwise be (even as low as zero), and again a direct comparison misleading concerning their relative band strengths. This situation is also considered in the following subsection, potentially explaining why an 11.1 µm polarisation signature is not seen in the majority of sources in the mid-IR polarisation atlas of Smith et al. (2000) .
Modelling the polarisation spectrum
The original modelling of the AFGL 2591 polarisation by Aitken et al. (1988) and subsequently Wright et al. (1999) used optical constants for both amorphous and crystalline silicates that are somewhat outdated and/or cannot provide mineralogical information. For example, the crystalline olivine of Mukai & Koike (1990) was not identified with a particular Fe/Mg ratio.
Further, the astronomical silicate of Draine & Lee (1984) was constructed to fit the 10 µm emission spectrum of the Trapezium region of Orion, and its 20-to-10 µm band ratio was defined from an 'average' of the emission of dust shells around oxygen-rich evolved stars. Whilst of significant utility in radiative transfer modelling of spectral energy distributions, due to its broad wavelength coverage and consistency with causality via the Kramers-Kroenig relations, it has not proved as successful in modelling the detailed shape of specific 10 and 20 µm silicate bands. This is especially the case in polarisation, even for the BN Object in the same cloud, Orion, as the Trapezium (Wright & Glasse (2005) , Wright et al. (2002) ; Hildebrand & Dragovan (1995) ; O'Donnell (1994); Henning & Stognienko (1993) ; Aitken et al. (1989) , Aitken et al. (1988) ; Lee & Draine (1985) , Draine & Lee (1984) ; but see also Fujiyoshi et al. (2015) and Wright et al. (1999) where it is mixed with SiC to provide a good match to the Class I YSO SVS13 polarisation).
We have thus calculated new models using laboratorybased refractive indices of silicates with well defined mineralogical properties. For the crystalline component the Fabian et al. (2001) forsteritic olivine with formula Mg1.9Fe0.1SiO4 is used. We have already noted previously the difference in band strength between this and the Mukai & Koike (1990) sample. This may partly stem from the fact that the Mukai & Koike and Fabian et al. optical constants are respectively derived from transmission and polarised reflection measurements. Originating from these different techniques is that the Mukai & Koike data consists of only a single set of optical constants (actually oscillator parameters), whilst those of Fabian et al. comprise three data sets, corresponding to the vibrational directions parallel to the crystallographic axes x, y and z. Sihvola (1994) and Sihvola & Pekonen (1994) present generalised formulae for the effective dielectric function in the case of randomly oriented and spherical biaxial crystallite inclusions -of which forsterite is a member given its orthorhombic structure.
For the amorphous component the olivine with formula Mg0.8Fe1.2SiO4 from Dorschner et al. (1995) was initially used, since it provides a very good match -in terms of both wavelength of peak polarisation (λP,max) and FWHM -to the polarisation profile of dust in the diffuse ISM, as shown in Wright et al. (2002) and Wright & Glasse (2005) . It was also used by Mathis (1998) in his models of the diffuse ISM silicate features, and their consistency with observed heavy element abundances. The scenario we envisaged was that this would be the form of the bulk of the silicate dust deposited in the molecular cloud from which AFGL 2591 formed, and which would subsequently be processed.
However, whilst this combination could provide a good match to the 10 µm polarisation spectrum of AFGL 2591 it also produced a 20 µm polarisation far in excess (about a factor of 2) of that observed by Aitken et al. (1988) . Given that the position angles within the 10 and 20 µm windows are the same, and spectrally constant, then pure dichroic absorption is almost certainly the sole operating mechanism. In other words it is unlikely that a 'crossed polariser' effect is diluting the 20 µm polarisation. Therefore the discrepancy between the observed and model 20 µm polarisation must originate in the optical constants of the amorphous silicate, which indeed has a relatively high 20-to-10 µm band ratio. In addition to this problem, the combination also had an internal inconsistency in the difference between the Fe/Mg ratios of the two components.
Other laboratory-derived optical constants for amorphous olivine exist in the publications of Day (1979) , Scott & Duley (1996) and Jäger et al. (2003) , specifically including the magnesium end-member forsterite, Mg2SiO4. Additionally, Day (1981) provides refractive indices for the iron end member Fe2SiO4. Interestingly, these works plus others like Dorschner et al. (1995) show a strong trend whereby the 20-to-10 µm band ratio increases with increasing iron content. This suggests that perhaps the amorphous host (matrix) component Mg0.8Fe1.2SiO4 contains too much iron. On these bases we elected to use the optical constants of a Mg-rich amorphous silicate, specifically those of Day (1979) which gave a FWHM and λP,max more consistent with observations. Figure 15 shows the observed AFGL 2591 polarisation (a-e) and optical depth τ (f) spectra against calculations of the polarisation and absorption cross sections respectively. The optical depth has been extracted using the method outlined in Section 3.2, also used by Fujiyoshi et al. (2015) for the Class 1 YSO SVS13. The peak optical depth and 8-13 µm colour temperature of around 2.3 and 385 K agree reasonably well with the best-fit optically-thick two-component model in Smith et al. (2000) .
With our selection of optical constants a reasonable match to the polarisation could be found using a mildly prolate-shaped grain with a crystalline silicate inclusion volume fraction of 0.10 (Figure 15-a) , and in the interests of clarity we show only this model. We do not claim that this is the shape of the grains within the AFGL 2591 envelope, as there is certainly sufficient flexibility in the model's input parameters (i.e. shape, principal axis ratio, optical constants, EMT mixing rule, inclusion volume fraction) to provide an equivalently good match for oblate grains, or even a CDE.
For instance, a finding of prolate grains would need to be tempered by the fact that i) oblate grains better match the ISM 8-13 µm profile (Wright et al., in preparation) , as well as the BN Object in the Orion molecular cloud (Hildebrand & Dragovan (1995) ; Lee & Draine (1985) ; Draine & Lee (1984) , and ii) perfectly aligned prolate grains are only half as efficient polarisers as oblate grains of the same principal axis ratio (Hildebrand & Dragovan (1995) , Hildebrand (1988) . The latter potentially places a constraint on the grain alignment mechanism.
On the other hand, Greenberg & Li (1996) surmise that prolate grains, of a weakly-constrained though preferred axial ratio of 3:1, better fit the 8-13 µm BN profile, though apparently only by inclusion of an as-yet unproven organic refractory mantle (e.g. see Li et al. (2014) ; Chiar et al. (2006) ; Adamson et al. (1999) ). They also argue that elongated (prolate-like) rather than flattened (oblate-like) grains are a more realistic end-product of clumping. Also, Siebenmorgen et al. (2014) suggest that prolate silicate grains -with axial ratio around 2:1 -are responsible for the ISM visible polarisation along 4 of the 5 lines-of-sight they studied.
Probably the most robust conclusion we can make about the grain shape is that they do not need to be very highly elongated or flattened. Indeed, both mildly prolate and oblate shapes can adequately match the 'trapezoid-like' shape of the AFGL 2591 polarisation profile, as well as the peak of the 11.1 µm feature, though obviously the model profile in Figure 15 -a is too narrow. For a principal axis ratio of 2:1 the prolate grain better matches the ratio of the two main peaks at around 10.1 and 11.1 µm. But this ratio is shape-dependent, and for the same crystalline fraction of 0.10 a 6:1 oblate grain provides an equivalent match. For a 2:1 oblate grain the crystalline fraction must be increased to around 0.15 to adequately match the peak ratio at 10.1 and 11.1 µm.
The narrowness of the amorphous+crystalline silicate model in Figure 15 -a has already been mentioned, and no amount of fiddling with the input parameters can broaden it and/or provide the polarisation observed in the 'wings' at ≤ 8.5 µm and ≥ 13 µm. One or more extra sources of emissivity are required. To identify what these could be we appeal to the well known and established growth-bycoagulation scenario of dust in molecular clouds (e.g. Bromley et al. (2014); Stognienko et al. (1995) ). In one variant of this scheme proposed by Mathis & Whiffen (1989) the most abundant species of solid state matter -i.e. sub-µm silicate and carbon particles -stick together when they collide to form composite particles, upon which mantles of ices and/or hydrocarbons or organics can form. Further collisions continue to grow the particle, the interior of which may then contain many voids. Such a picture of porous (or fluffy) dust has essentially become a standard feature of recent cosmic dust models, capable of explaining many phenomena (e.g. Voshchinnikov et al. (2006) ) and perhaps finding direct support in observations of at least some interplanetary dust particles (IDPs; Bradley (2010) ).
In any model for the AFGL 2591 polarisation we can effectively rule out the presence of ices since the 3.1 µm water ice band is unpolarised (Holloway et al. (2002) ; Hough et al. (1989) ; Dyck & Lonsdale (1980) ; Kobayashi et al. (1980) ). But other major components of the dust to be considered would be carbon, vacuum and possibly metallic iron. None have a spectral feature in the 8-13 µm region, but instead would form a 'continuum'. Since most other models, such as those cited above, use silicate, carbon and vacuum, and to minimise as much as possible the number of free parameters, we also confine our model to these three components. Also, the fact that metallic iron is featureless suggests it would only be a proxy for one or both of the also featureless carbon and vacuum components.
The refractive indices of the carbon component are taken from Jager et al. (1998a) for their sample synthesized by pyrolizing cellulose material at 1000
• C, which they de-scribe as an ordered graphitic substance. Panels (a) to (d) of Figure 15 thus shows the sequence of how such a multicomponent dust model is built up to match the 8-13 µm portion of the AFGL 2591 polarisation spectrum (solid lines), whilst panel (e) includes the 16-21 µm data (Aitken et al. (1988) ; see also Smith et al. (2000) ). Dashed lines are for the case of purely amorphous Mg2SiO4 silicate with the same grain shape parameters.
In constructing these models the volume fractions of carbon and vacuum are 0.24 and 0.40 respectively. Such relatively large figures may begin to push the validity of EMT, so we have used the Bruggeman rule for the multi-component grain, due in large part to its inherent symmetry with respect to interchanging the components. This rule was also preferred by Sokolik & Toon (1999) in their modelling of multi-mineral aerosol aggregates. It has been shown by various authors to be more robust for large volume fractions of inclusions and/or a relatively large contrast between the refractive indices of the host and inclusion materials (Ossenkopf et al. (1992) ; Ossenkopf (1991); Stroud (1975) ). It has provided a good approximation to more exact methods like the Discrete Dipole Approximation (DDA) to calculate the optical properties of small particles (Voshchinnikov et al. (2007); Perrin & Lamy (1990) ), and even mid-IR experiments on aerosol particles with mineral compositions (e.g. silica, corundum, haematite, anhydrite; Ruan et al. (2011)) . In calculating such an EMT we have again used the work of Sihvola (1994) , who presents a generalised formula encompassing several of the known mixing rules, including Maxwell-Garnett, Bruggemann (Polder-van Santen) and Coherent Potential. Further, he provides an iterative solution for the effective medium of a multi-component mixture, negating the need to solve a cubic, quartic etc. polynomial for 2, 3, etc. different inclusion materials.
In the context of the relative volume fractions, the figure of 0.40 for vacuum is within the likely range postulated by Mathis (1998) and Mathis (1996) of ≥ 0.25 -based on abundance constraints -and ≤ 0.60 -based on the width of the visible interstellar polarisation curve. For the silicate and carbon components Mathis (1996) states for his model that silicates (or Fe/Mg/Si oxides) comprise 77% of the mass of the composite silicate+carbon+vacuum grains, with the other 23% obviously comprising the various forms of carbon. Since the volume fraction of vacuum is 0.45 in his model, and using densities of respectively 3.3 and 2.0 g cm −3 for silicate and carbon, then their inferred volume fractions are ∼ 0.20 and 0.35. Thus, the volume fractions of carbon and vacuum in our AFGL 2591 polarisation model are in pretty good agreement with those of ISM dust from Mathis (1996) .
The final model in Figure 15 -d provides quite a good match to the entire 8-13 µm spectrum, inclusive of its overall trapezoid shape, FWHM, peak ratios at 10.1 and 11.1 µm, and the short and long wavelength 'wings'. This is apart from the region between the two peaks at around 10.5-10.8 µm, likely a result of the laboratory and cosmic crystalline forsterites (unsurprisingly) not being exact analogues.
The model and observed 20-to-10 µm polarisation ratios in Figure 15 -e are also in reasonable agreement. As noted by Smith et al. (2000) , AFGL 2591 has the lowest such ratio amongst the 4 objects for which the absorptive component is well constrained (from a total of 6 with data in both windows). That it is also unique amongst those objects in having an 11.1 µm polarisation feature suggests a mineralogical relation between the two phenomena, possibly the high Mg/Fe ratio proposed here.
Having said that, the 19-22 µm portion of the spectrum is problematic, especially in the sense of the data not showing a distinct feature at about 19.5 µm. We have not found a model, nor can currently suggest a mineralogical explanation, to produce the sharp 11.1 µm feature but be essentially structureless in the 20 µm band. However, we note the relatively poor S/N at 20 µm compared to 10 µm, which results from the extreme difficulty in conducting spectropolarimetric observations in the 20 µm atmospheric window, with its multitude of telluric water vapour bands. New observations on a 10-m class telescope with a dual-beam instrument, such as CanariCam (Telesco et al. (2003) ), would be advantageous.
Our model also predicts quite prominent secondary polarisation peaks at around 10.4 and 11.9 µm. Although we are very confident in our identification, observational confirmation of these would seal the interpretation of crystalline fortsteritic olivine silicate in at least AFGL 2591. This was attempted by Wright & Glasse (2005) using Michelle on UKIRT, but the S/N was inadequate. Again, CanariCam on the Gran Telescopio Canarias would provide the bestcurrently only -opportunity to detect these features.
Separate grain populations of different mineralogy?
As seen in the dot-dash line in panel (f) of Figure 15 the model which nicely matches the AFGL 2591 polarisation cannot match the optical depth spectrum. This is unlike the case of SVS13 in Fujiyoshi et al. (2015) where the two observational quantities are well represented by the same model. For AFGL 2591 there is clearly a large discrepancy in the amounts of crystalline forsterite required to account for the absorption feature in the conventional spectrum of AFGL 2591 and the associated polarisation signature, i.e. volume fractions of around 1% and 10% respectively. Further, the amorphous forsterite is too narrow to account for the bulk of the AFGL 2591 absorption (dashed line). We hypothesise that these discrepancies are due to an unpolarised and purely amorphous (or much lower crystallinity) component to the absorption. The solid line of Figure 15 -f shows such a model for the same grain shape parameters as in a-e, and where the purely amorphous component contributes about twice as much as the partially crystalline one. For this purely amorphous component we used the olivine Mg0.8Fe1.2SiO4 of Dorschner et al. (1995) for reasons already stated above.
If correct this would constitute evidence of distinct populations of grains with different mineralogies, although we cannot say which lies closer to the star, or indeed whether they are mixed within the same region. An argument against the latter scenario is that one population is aligned and the other not, although it is feasible that one might couple to the magnetic field more effectively than the other (e.g. if the partially crystalline and Mg-rich silicate grains have a component of free iron). Whatever the case, for a dual-population scenario the 'apparent' crystallinity as determined from the conventional spectrum is an 'average' over both populations and/or along the line-of-sight, and is obviously lower than the 'real' crystallinity within a localised region.
This also raises an interesting quandary when AFGL 2591 is compared with the few tens of other polarised YSOs in the atlas of Smith et al. (2000) , including W3 IRS5, AFGL 2136 and AFGL 2789 here, as well as SgrA IRS3. The 11.1 µm absorption feature in their conventional flux spectra is very similar to that of AFGL 2591, yet their polarisation shows no evidence of an associated signature. So could it be that the estimated crystalline fractions in these objects are in fact lower limits to what might actually exist? Perhaps a 'pocket' of higher crystallinity dust exists along their lines-of-sight, but which is either not aligned, or has a lower abundance, and thus contributes little or nothing to the polarisation. Or is it instead that the disk and/or envelope of AFGL 2591 (along with IRAS13481-6124 and perhaps AFGL 4176) contains dust that is more highly processed than most other embedded YSOs, perhaps from an annealing episode as postulated by Aitken et al. (1988) ?
Given the similarity of the sources in terms of their age, mass and that they drive an outflow, plus the almost ubiquitous presence of the 11.1 µm absorption band (as shown here and in Do Duy et al., in preparation), it is tempting to favour the first scenario. Figure 16 shows such an example, where the same model is used as in Figure 15 -f for the optical depth, but now the amorphous component is polarised. The 11.1 µm polarisation feature is almost indistinguishable, and only a minor tweak to the relative contributions of the partially crystalline and amorphous components would make it disappear altogether, consistent with its non-detection in most other targets. See the Figure 16 caption for further details. Whilst a promising explanation, a real answer to the questions posed above must await higher sensitivity and resolution data on more sources, hopefully to be obtained with CanariCam in the near future.
Speculating on implications for the cosmic dust life-cycle
We have presented a strong case for the widespread existence of crystalline silicates -comprising up to a few or even several percent of the total silicate content -in various cold astrophysical environments. Thus we can begin to speculate on the implications this might have for cosmic dust evolution. This is particularly so for the interstellar medium, represented here by SgrA IRS3.
YSO envelopes or disks
The detection of the 11.1 µm absorption band in all of our Class 1 YSOs, along with one or more other bands at 11.85, 23.5 and 28 µm, suggests that the hitherto couple of reported cases of the Class 0 YSO HOPS-68 by Poteet et al. (2011) and Class I YSO SVS13 of Fujiyoshi et al. (2015) are not unique or in any way peculiar. Hence the silicate crystallisation phase must either i) begin much earlier than generally accepted during YSO evolution, i.e. if not before then during the embedded Class 0-I rather than the protoplanetary Class II-III phase, or ii) the dust originally deposited in the parent molecular cloud from the surrounding ISM was already partially crystalline. (2000), Aitken et al. (1989) ). Curiously, the BN data and the dashed line bear at least a qualitative similarity to each other in the vicinity of 11 µm, namely a steepening of the profile, which may hint at a previously unknown crystalline fraction in BN. Indeed, its conventional spectrum in the mid-IR interferometric study of Boley et al. (2013) shows an 11 µm feature on some baselines, and our own larger data set shows it too (Do Duy et al., in preparation) .
If the former case is true then there are some interesting questions which could be posed. For instance, is a crystallisation process still 'required' to occur in the disks of T Tauri and Herbig stars, as reviewed by Henning (2010) ? If not, then is a radial mixing or some other transport process still needed to explain the existence of crystalline silicates in comets, which are thought to have formed in the cold, outer regions of our own protoplanetary disk? Or if a crystallisation process is still 'required', will it be more efficient, and/or act over a shorter time, if the starting point already contains crystalline seeds, from which the process may propagate?
On the other hand, if the latter case is true does this then raise a question over the efficiency of the amorphisation and/or destruction processes proposed in the ISM? Or if not, then how do ISM grains, i.e. those formed in situ in the ISM, condense and/or accrete as partially crystalline?
Answers to these questions, if indeed they become necessary, will only be possible once we have a firmer basis on which to conclude that ISM silicate dust does indeed contain a crystalline component. In the following subsections we examine the evidence for partially crystalline grains along the path to the Galactic Centre, and discuss some implications.
Path to the Galactic Centre
Along the extended path toward the Galactic Centre, passing though spiral arms of the Galaxy, there are multiple molecular and diffuse clouds. Of the approximately 30 magnitudes of visual extinction typically quoted as an 'average' toward the Galactic Centre, Whittet et al. (1997) suggest that about 10 magnitudes occurs in molecular clouds and the remainder in diffuse clouds, where grains would probably be with and without ice mantles respectively.
Before beginning specific speculation a caveat is in order, namely that we do not know with precision how the silicate extinction -let alone that within the 11.1 µm absorption band -is distributed along the line-of-sight to SgrA IRS3. Indeed, it is not even known with certainty where IRS3 is located with respect to the dynamical centre of our Galaxy (Goto et al. (2008) ).
We discuss IRS3's location in Appendix A, but for now assert that at least half of the total silicate absorption, including that of the 11.1 µm band, occurs in the ISM and is not merely local to IRS3. This is supported by the presence of the band in the 8-13 µm spectra of IRS1, IRS7 and IRS10 obtained with Subaru/COMICS and shown in Okada et al. (2003) , although they did not discuss it. It is also supported by our own mid-IR spectroscopy of the Galactic Centre Quintuplet cluster (Do Duy et al. in preparation) , as well as ISO observations of several other positions toward SgrA. As previously noted some of the latter data has already been presented by various authors, but here and in Appendix A we show additional data as well as provide a new analysis of the previously published results. Details can be found in Appendix A but here we simply quote the important findings.
The 11.1 µm feature can be seen in the spectrum of a position several arcseconds south of IRS3, within the E-W bar of the SgrA mini-spiral and which we call IRSX, obtained from the same Gemini Michelle observation as SgrA IRS3 ( Figure A1-a and -c) . This is similar to the position at which the "diffuse bar" spectrum was obtained by Okada et al. (2003) . Whilst the 11.1 µm optical depth of IRSX is about half that of IRS3, the IRSX amorphous silicate optical depth is also roughly half that for IRS3. So the relative strengths of the 11.1 µm band are similar. Further, despite the assertion of Kemper et al. (2004) the 11.1 µm feature can indeed be seen in both ISO spectra centred near SgrA * , again with a similar τ11.1/τ9.7 as for IRS3 and IRSX. Even more telling for a crystalline silicate identification is that in the same ISO spectra an 11.85 µm feature is also detected (see Figure A1 -b and -d) .
Similar to the case of the embedded YSOs, a 23.5 µm feature is seen in the SgrA * spectrum, as well as in spectra taken at positions offset approximately 41 and 45 arcseconds to the SSW and NNE respectively, within the so-called circumnuclear disk or ring (CND/R). The same holds for a 28 µm band. See Figure A2 -a and -b. The two features are even more prominent in the spectrum of the so-called Pistol star in Figure A2 -c.
All of the above leaves us in little doubt that crystalline silicates are present in one or more clouds in the ISM along the line-of-sight toward the Galactic Centre. Averaged along the line-of-sight the crystalline component comprises up to a few percent of the total silicate content, as judged from the crude model for the 11.1 µm band of SgrA IRS3 in Figure 7 .
However, the precise abundance is not very well constrained, due mostly to uncertainties in the dust properties. These stem from both the morphology of the grains, e.g. bare versus mantled silicate, as well as the optical properties of the silicate (especially the crystalline component) and the mantle constituent(s). For instance, Li et al. (2007) note that the original crystalline upper limit of 2.2% reported by Figure 17 . Mid-IR polarisation spectrum of SgrA IRS3, along with representative models. Note how between about 10.5 and 11.5 µm the model polarisation is firstly quite flat and then steepens. Neither property is seen in the data that can be reasonably trusted to accurately represent the true polarisation profile, i.e. from about 10.8 µm onwards. Kemper et al. (2005) must be raised to around 5% if a water ice mantle coats the grains (assuming a mantle-to-core volume ration of ∼ 0.55).
In addition to our rough estimate of the crystalline silicate fraction toward SgrA IRS3 we can try to obtain an independent estimate from its mid-IR polarisation spectrum presented in Aitken et al. (1986) and Smith et al. (2000) . Unlike AFGL 2591 and IRAS13481-6124, but like most other YSOs, an 11.1 µm polarisation signature has not been detected despite the very clear absorption band in Figure 1 . It is interesting to see if an upper limit from the polarisation agrees with the estimate from the conventional spectrum. Figure 17 shows the 8-13 µm polarisation spectrum of SgrA IRS3, similar to that shown in Smith et al. (2000) , along with several models. Given the poor S/N in the middle of the band the models have been normalised to the average polarisation within the 10.7-12.0 µm interval. The basis of the models is the olivine silicate Mg0.8Fe1.2SiO4 from Dorschner et al. (1995) . However, this was too narrow compared to the data, not being able to fit the short and long wavelength 'wings' of the band, let alone produce the level of polarisation observed from 1.4-4.2 µm along the very nearby IRS7 sightline by Adamson et al. (1999) and Nagata et al. (1994) . Therefore, similar to the case of AFGL 2591, and consistent with the interstellar dust life-cycle suggested by Jones et al. (2013) , inclusions of graphitic carbon (optical constants from Jager et al. (1998a) ) and vacuum were added using EMT, with volume fractions of 0.125 and 0.20 respectively. This model is shown as the solid line, which assumes oblate 2:1 grains (though the grain shape is unconstrained given the wavelength of peak polarisation is not constrained by the data). Having also been binned to match the approximate resolution (or sampling) of the data of about 0.25 µm, this model provides an acceptable match to the spectrum.
The dashed line and three subsequent others are for models with crystalline silicate inclusions with volume fractions of 0.025, 0.05, 0.075 and 0.10, using the optical con-stant of Fabian et al. (2001) . Within the error bars we can not rule out any crystalline silicate fraction in this range. However, despite the poor S/N, given the monotonic decrease of the polarisation from about 10.8 µm onwards we believe that if a crystalline silicate fraction of more than about 5% were present then it would have been detected. Whilst noting that this refers only to the aligned dust population, whereas the conventional spectrum samples all dust, at least the two estimates of the crystalline silicate fraction are consistent. Having said that, the quality of the polarisation data is inadequate, and it is hoped that CanariCam on the GTC can produce a more stringent constraint.
In the interests of completeness we also examined the effect SiC has on the polarisation, since Min et al. (2007) infers that between 2.6 and 4.2% of the dust grain mass is SiC. If this is implemented into our model then the volume fraction would be between about 2 and 3%. Using SiC optical constants from Laor & Draine (1993) , preferred by Min et al. (2007) , or those of Pégourié (1988) , then such a volume fraction could still be consistent with the observations. On the other hand, if the optical constants of Pitman et al. (2008) or Palik (1985) are assumed then a volume fraction of 2-3% significantly perturbs the polarisation spectrum, and would probably have been detected.
Crystalline silicates in the ISM
It is widely believed that silicates in the ISM are either completely amorphous or have such a low crystalline fraction as to be undetectable (Henning (2010) ), to the point where this has essentially become a basic tenet of the cosmic dust life cycle (e.g. Jones et al. (2013) ). One version of this cycle asserts that the silicate dust ejected into the ISM by AGB stars is destroyed through processes like collisional fragmentation and sputtering on a timescale shorter than the ISM residence time. This residence time, defined as the period between when a grain is injected into the ISM from its parent evolved star outflow to when it is consumed in a new star, is generally agreed to be a few Gyr (Slavin et al. (2015) ; Jones & Nuth (2011); Draine (2009) ). On the other hand, the destruction time scale is typically thought to be around a factor of 10 lower (Draine (2009 ), Mouri & Taniguchi (2000 ), so that something like ∼ 95% of the silicate dust observed in the ISM was formed in the ISM.
Precisely how silicates form in the ISM is not well understood (Jones & Nuth (2011) ), but may involve accretion of condensible atoms onto the surface of pre-existing particles (Draine (2009) ). Voshchinnikov & Henning (2010) claim to have found evidence for such accretion. Such ISM silicate grains are expected to be completely amorphous. More recent estimates of the silicate destruction timescale have increased it by a factor of several, e.g. Slavin et al. (2015) , alleviating somewhat the requirement to form silicates in the ISM but not completely eliminating it.
Whatever the case, accepting that only 5% of silicate dust in the ISM is stardust, and that at most 15% of such stardust is crystalline (Henning (2010) ), then we may expect to observe a crystalline fraction of ≤ 0.75%. However, this does not take account of the relatively rapid amorphisation processes which would probably act on the dust. As reviewed by Henning (2010) , the approximately 15% crystalline mass fraction of silicate dust ejected into the ISM by AGB stars is likely to be amorphised through energetic particle collisions on timescales of tens of Myr, much shorter than both the destruction and residence timescales (Bringa et al. (2007); Jäger et al. (2003) ).
Thus we would expect any surviving silicate stardust in the ISM to be completely amorphous, and any silicate dust grown in the ISM to also be completely amourphous. Obviously this is consistent with the previous upper limits of a few to several percent for the path to the Galactic Centre (Li et al. (2007) ; Min et al. (2007) ; Kemper et al. (2005) ). But it is inconsistent with the detection of ISM crystalline silicate reported here of up to a few percent for essentially the same path, i.e. to SgrA IRS3. So detection of crystalline silicates toward SgrA IRS3 and other Galactic Centre positions has a potentially very significant bearing on one or more of: i) the lifetime of stellar-produced silicate grains in the ISM, ii) amorphisation of stellar-produced silicates in the ISM, and/or iii) the growth process of silicate grains in the ISM.
Of course a caveat here is that, despite multiple sightlines toward the GC containing crystalline silicates, this could still be regarded as a special case. They are all along a somewhat confined path within our Galaxy that intersects many of the same clouds, as judged for instance by the similar velocities of absorption components of several molecular tracers (e.g. see discussion in Appendix A for references). A sensitive survey of other sightlines is clearly required, which we have begun and a few examples of which will be presented in our paper describing the whole sample (Do Duy et al., in preparation).
Notably however, even if the GC ISM path is unique and/or the crystalline silicates occur within a particular cloud (e.g. within a few hundred parsecs of the GC itself), our results still have important implications for the cosmic dust life cycle. Any amount of crystallinity in these environments would be unexpected.
CONCLUSIONS
The major observational result of this paper is that an absorption feature at 11.1 µm exists in the spectra of eight embedded Class 1 YSOs -AFGL 2136, W3 IRS5, AFGL 2789, AFGL 2591, AFGL 4176, IRAS13481-6124, W28 A2 and IRAS19110+1045 -and the path through the ISM to the Galactic Centre sources SgrA IRS3 and a position we call (for convenience) SgrA IRSX. Curiously, this feature has escaped widespread attention. This is despite it being hinted at in previous observations of multiple YSOs and the ISM at lower spectral and/or spatial resolution, and actually resolved in a Class 0 YSO by Poteet et al. (2011) . It even appears in the mid-IR interferometric study of many DEYSOs of Boley et al. (2013) , including three studied here -AFGL 2136, AFGL 4176 and IRAS13481-6124 -where in some cases it also shows a possible spatial (baseline) dependence. To date the feature has not been studied in the detail provided here.
The wavelength of this feature, and its spectral profile, is similar to that observed toward the OH/IR stars and dust factories AFGL 2403, OH26.5+0.6 and AFGL 230, known to be sources of crystalline silicates. Also, other potential carriers for the feature in AFGL 2789 -such as water ice, hydrocarbons and carbonates -can be excluded to varying degrees of confidence (high, medium and high respectively) based on the lack of expected accompanying features at shorter wavelengths. A model of separate populations of sub-micron amorphous olivine and crystalline forsterite grains match very well the observed AFGL 2789 spectrum. Further, models of magnesium-rich (forsteritic) crystalline olivine mixed with amorphous olivine -to represent a partially crystalline grain structure as an 'effective medium' -match very well the central wavelength and spectral profile. However, this is only the case if the work of Tamanai et al. (2006) is utilised, which shows an ∼ 0.2 µm shift of the primary features to shorter wavelengths.
Detection of a polarisation signature in the sources AFGL 2591 and IRAS13481-6124, and possibly AFGL 4176, suggests a carrier with a relatively high band strength, and this too is consistent with a crystalline silicate interpretation. The implied volume fraction from an EMT model to the AFGL 2591 polarisation is around 10%, larger than the few percent that would be inferred based solely on the absorption feature in the conventional spectrum of this as well as the other YSO and Galactic centre targets. This suggests that 'pockets' of relatively high crystallinity material could be hidden in at least some of the other sources, only revealed if the dust is aligned.
Using the ISO Data Archive we also examined the 20-45 µm spectra of these and other sources. Doing so allowed us to identify features that support our contention that the 11.1 µm feature is carried by crystalline silicate. For instance, we find evidence for features at 11.85, 23.5 and 28 µm in absorption toward several of our YSO targets, as well as toward multiple positions within the Galactic Centre. A 33.6 µm absorption band is however conspicuously absent in all these spectra. But such a feature is detected in emission, in conjunction with another at 36 µm, in the spectra of several HII regions. This provides further confidence in our assessment that crystalline silicates are commonly, if not ubiquitously, present in the very early stages of star formation.
The seemingly common existence of crystalline silicates at any abundance level in the ISM, and envelopes or disks of embedded YSOs, presents a challenge to models which attempt to explain the cosmic dust life cycle. These models use as a foundation that silicate dust is completely amorphous in the ISM and molecular clouds. There are certainly good physics-based reasons to believe this would be the case, given the multitude of grain destruction and amorphisation processes proposed in the literature. But observationally this appears to be no longer the situation. Of course, more observations are required, especially of truly diffuse ISM paths and ideally coupled with spectropolarimetry.
Finally, we have shown that ground-based mid-IR slit spectroscopy, at a moderate spectral resolution, and even of bright sources on 10 m-class telescopes, still has a part to play in the study of cosmic dust. We have a much larger sample of sources, most of which also show the 11.1 µm absorption band, e.g. well known YSOs like S140 IRS1, S255 IRS1 and NGC7538 IRS1, and ISM sightlines to the Galactic Centre Quintuplet members. The entire sample is currently under study, is producing some interesting and surprising results, and will be presented and discussed in a forthcoming paper (Do Duy et al., in preparation). , which is clearly absent in SgrA IRS3. An 11.85 µm feature can be seen in both ISO data sets, but is most obvious in the combined spectrum and its extracted optical depth (insets in (b) and (d) respectively). It affirms the identification of crystalline silicates in the ISM path to the Galactic Centre. based on observations of multiple points within the N-S arm and E-W bar of the SgrA mini-spiral. It can also be seen in Figure A1 -a where the IRS3 spectrum is compared with that of a region about 5 arcsec south (we call it IRSX, just east of IRS2). This was obtained from the same GeminiMichelle observation, thus is immune to possible artefacts from the standard star division, such as the telluric 9.6 µm ozone band mimicking deeper silicate absorption. Clearly the depths of the respective silicate bands toward IRS3 and IRSX are very different.
Whilst IRSX almost certainly has underlying silicate emission, even accounting for this the silicate optical depth τ9.7 was found by Roche & Aitken (1985) to be confined to a narrow range of 3.6±0.3 for almost all of the compact mid-IR sources within the mini-spiral. A value about 0.8-1.3 higher was found for IRS3 by Roche & Aitken (1985) and Becklin et al. (1978) respectively. On the other hand, the almost 3 orders of magnitude extinction at 9.7 µm for IRS3 evident in our spectrum suggests τ9.7 is around 7, double that for the mini-spiral. This is in very good agreement with the figure of 7.0±0.5 inferred by Pott et al. (2008) from their spectrum obtained with mid-IR interferometry.
An enhanced silicate optical depth toward IRS3 holds true even when more recent data on the extinction to the GC is considered. For instance, it is higher than the value of around 4.7 to the ionised gas and warm dust of the minispiral, inferred from the data of Fritz et al. (2011) in their Figure 11 . They used ISO and other hydrogen recombination line data to determine the extinction from 1 to 19 µm and subsequently 'reconstructed' the underlying continuum emission.
The origin of the extra silicate absorption toward IRS3 was suggested by Roche & Aitken (1985) and Becklin et al. (1978) to lie in a dust shell intrinsic (or local) to IRS3 itself, possibly a result of mass loss assuming IRS3 to be an O-rich star. However, the recent mid-IR observations of Pott et al. (2008) have cast a question over this model. They find that IRS3 consists of up to three components. The largest is a diffuse emission region found from direct 8.6 µm imaging and extending over a few arcseconds (and also seen in the L-and M-bands by Viehmann et al. (2005) ). Embedded within this is a compact component, unresolved in the direct images but resolved by interferometry into two additional components, the most compact of which has a wavelength-independent FWHM of 18±1 mas (144 AU at 8 kpc) surrounded by another component whose FWHM increases with wavelength from ≤ 40 mas to ≥ 50 mas (320-400 AU) between 8 and 13 µm.
Interestingly, the additional silicate absorption toward IRS3 cannot occur at spatial scales less than several hundred AU since the mid-IR visibilities of Pott et al. (2008) are spectrally featureless for all baselines. Combined with radiative transfer modelling this leads Pott et al. to conclude that IRS3 is in fact a cool (∼ 3000 K) C-rich star with a carbonaceous circumstellar dust shell. The additional silicate absorption therefore probably occurs at radii of tens of thousands of AU from IRS3, presumably exterior even to the few arcsec extended dust region which is still hot enough to be emitting at L, M and 8-13 µm (Viehmann et al. (2006) and Viehmann et al. (2005) ). Whether this is physically associated with IRS3 is an open question, but if so then it would likely be a detached dust shell which resulted from a previous (O-rich) phase of IRS3's evolution.
Whatever the origin of the dust producing the enhanced silicate absorption toward IRS3, we believe that the bulk of the 11.1 µm absorption band, and thus the putative crystalline silicates, occur in the ISM. This is evident in Figure A1 where we show our spectrum of IRSX against both ISO SWS01 spectra, as well as the extracted optical depths which are essentially equal. Even though τ11.1 for IRS3 is roughly twice that for IRSX and the two ISO-observed positions, when τ9.7 is considered then the relative strengths of the amorphous and putative crystalline silicate bands in all four spectra are essentially equivalent.
A2 τ9.7 vs AV
Another issue on which the SgrA IRS3 spectrum may feasibly bear, pointed out by Pott et al. (2008) , is the longaccepted ratio of visual extinction to the 9.7 µm optical depth, i.e. AV/τ9.7. For the local ISM this is thought to be around 18 (Roche & Aitken (1984a) ) but toward the GC it is more like around 9 (Roche & Aitken (1985) ).
From their mid-IR interferometric spectrum of IRS3 Pott et al. (2008) suggested that AV/τ9.7 could be as low as 4. This was based on an assumption that AV was only around 25, an often quoted 'average' toward the GC. But other work (e.g. Schödel et al. (2010) ; Scoville et al. (2003) ) has shown that the visual and near-IR extinction varies on relatively small spatial scales -an arcsecond or less -across SgrA. We believe it is more likely that AV of IRS3 is higher than the 'average' GC value.
Obviously a direct measure of AV for IRS3 -or indeed any of AJ, AH or AK -would be required to decide whether AV/τ9.7 toward IRS3 is abnormally low. This however is a very difficult task given IRS3 is optically invisible and its spectral type remains uncertain. So at this stage we do not believe the data is sufficient to say with any confidence that AV/τ9.7 of IRS3 is lower than the commonly-accepted value of around 9 toward the GC. Since we used the YSOs W28 A2 and IRAS19110+1045 in Figure 11 to demonstrate the existence of a 23.5 µm crystalline silicate band we show here that they also possess an 11.1 µm feature. Figure B1 shows the sigma-clipped and Figure B1 . ISO-SWS01 7-13 µm spectra (main), and extracted optical depth (insets), of the YSOs W28 A2 (G5.89-0.39, left) and IRAS19110+1045 (G45.07+0.13, right) on the top row, and the OH/IR stars AFGL 2403 (left) and OH26.5+0.6 (right) on the bottom row. The spectra have been sigma clipped and smoothed. The dotted line in the main plots is the polynomial fit between about 10 µm and 12.1-12.7 µm used to extract the optical depth spectra in the insets. The reader is reminded that narrow features (FWHM ∼ 0.1-0.3 µm) may be present at ∼ 9.35, 10.1 and 11.05 µm due to structure in the RSRF of the SWS band 2C (Leech et al. (2003) ), and which can perturb the shape of the spectrum given their overlap with crystalline enstatite and/or forsterite bands. Also, the OH/IR star spectra, and thus the overall shape of their extracted optical depth spectra and/or relative strengths of features, will likely be more influenced by radiative transfer effects (Maldoni et al. (2005) , Maldoni et al. (2004) , Maldoni et al. (2003) ). Nevertheless, the similarity of the YSO and OH/IR spectra here are strongly suggestive of similar dust mineralogies, specifically the presence of both crystalline forsterite and enstatite.
smoothed ISO SWS01 spectra from 7.3 to 12.6 µm, along with the extracted 11 µm optical depths (insets), of W28 A2 (left) and IRAS19110 (right) in the top row, and for comparison the OH/IR stars AFGL 2403 (left) and OH26.5+0.6 (right) in the bottom row.
Generally speaking the extracted feature of the two YSOs is consistent with that of the other objects presented here. However, in both cases there appears to be another shallow feature, centred around 11.5-11.6 µm, more clearly seen in the optical depth (τ ) insets. Looking back at Figure 7 , possible corresponding features can be seen in the YSOs W3 IRS5 and AFGL 2136, as well as the ISM path toward SgrA IRS3, in the sense that the extracted optical depths lie significantly above the crystalline forsterite model.
For the IR sources W28 A2 and IRAS19110, being close to or coincident with ultracompact HII regions, it might be thought that extended 11.25 µm PAH emission within the large ISO beam could mimic the dip in τ between the 11.1 and 11.6 µm features. However, these two sources are dominated by solid-state absorption bands, of both silicates and ices, with only very faint 3.3 and possibly 6.2 µm PAH emission bands in W28 A2, and barely detectable 3.3 µm emission in IRAS19110. In neither case are the intrinsically stronger 7.7 and 8.6 µm PAH bands discernible. This is unlike the case for other embedded YSOs which we have looked at in the ISO archive (e.g. W3 IRS5, NGC7538 IRS1, MonR2 IRS3), which, due to their proximity to HII regions, have obvious PAH features. Also, the extracted 11 µm feature, obtained in precisely the same way, is markedly different between YSOs with and without 11.25 µm PAH emission.
Furthermore, as well as a probable 11.85 µm crystalline forsterite band in both IRAS19110+1045 and W28 A2, there appears to be another feature around 10.5-10.6 µm, and/or a distinct broadening of the extracted optical depth spectrum on the short wavelength side of the peak, compared to the Figure B2 . ISO-SWS01 19-28 µm spectra of most of the targets previously presented in Figure 11 , aiming to demonstrate both the reality of the 23.5 µm features in the YSOs and its identification with crystalline silicate. Solid lines in the top panels show polynomial fits across the observed feature (dotted line for the model feature in the lowermost spectrum of the middle top panel). The bottom panels show the extracted feature for each source, being optical depths for the absorption cases and continuum subtracted excesses -in units of 10 −17 W/cm 2 /µm -for the emission cases. In the bottom left panel the solid, dotted and dashed spectra are for AFGL 2591, AFGL 4176 and AFGL 2136 respectively. In the bottom middle panel the solid, dotted and light short dashed spectra are for IRAS19110+1045, W28 A2 and W3 IRS5 respectively, and have been averaged in 10 pixel wide bins for plotting purposes. The heavy long dashed line is the model, scaled to match the peak optical depth of IRAS19110+1045. The model uses optical constants of amorphous olivine MgFeSiO 4 and crystalline forsterite respectively from Dorschner et al. (1995) and Fabian et al. (2001) . Effective medium theory has been used, with a crystalline volume fraction of 0.1 and Maxwell-Garnett mixing rule. In the bottom right panel the solid, dotted and dashed spectra are for HD100546, HD45677 and HD44179 respectively, and have been averaged in 10 pixel wide bins for plotting purposes. Figure 7 and Figure 14 . This apparent difference is particularly noticeable for AFGL 2136 and AFGL 2591, also measured with ISO and processed in precisely the same way, thus minimising any doubt over its reality. Once again there is a manifest similarity to the OH/IR spectra.
YSOs in
Overall, the correspondence between the τ spectral shapes of W28 A2 and IRAS19110 and those of the OH/IR stars, which certainly have no PAH emission, is striking and strongly suggests that absorption bands are responsible for the YSO features. Finally, as one more indication of this we point out the likely existence of a feature at ∼ 9.3 µm in W28 A2, also seen in the two OH/IR stars. As noted throughout this paper, we caution that a known band 2C RSRF artefact potentially exists at 9.35 µm. But the fact that neither of the other two known band 2C RSRF features (prominently) appear provides confidence that the W28 A2 spectrum contains a real astronomical feature at 9.3 µm.
We speculate that these features can be identified with a crystalline pyroxene, as has been reported for OH/IR stars (Sylvester et al. (1999) ). We further speculate that it would be a magnesium rich variant, i.e. enstatite-like, as the wavelengths are in pretty good agreement with the laboratory values for the MgSiO3 aerosol sample of Tamanai et al. (2006) . To our knowledge there is little precedent for the presence of cold crystalline pyroxene in the near environs of embedded YSOs, as opposed to its fairly common presence in emission from the disks of older, though still pre-main sequence, stars (e.g. Juhász et al. (2010) ). This is apart from the example of SVS13, recently reported by Fujiyoshi et al. (2015) .
B1 The 23.5 µm feature in DEYSOs
Finally, in Figure B2 we show zooms of the 19-28 µm portion of most of the spectra previously presented in Figure 11 . This includes the six YSOs with 23.5 µm absorption bands (e.g. W28 A2 and IRAS19110+1045), plus for comparison the objects with 23.5 µm emission, being the two Herbig Be stars HD100546 and HD45677 and the pre-planetary nebula HD44179. Their 23.5 µm bands have been extracted in a manner completely analogous to that used previously for the 11.1 µm feature, as has a representative model (the lowermost spectrum in the top middle panel and heavy dashed line in the bottom middle panel).
As even a cursory examination of the laboratory data for crystalline silicates (both olivine and pyroxene) shows, it is difficult if not impossible to find any wavelength interval in the 20-30 µm region free of a discrete feature (Pitman et al. (2010) ; Sogawa et al. (2006) ; Suto et al. (2006) ; Koike et al. (2003) ; Jäger et al. (1998b) ; Mukai & Koike (1990) ). However, the 23.5 µm band is intrinsically the strongest and so our choice of 'continuum' in Figure B2 should have only a minor influence on the extracted optical depths or excesses.
There is a clear correspondence between the absorption and emission cases, and the model. This is inclusive of the central wavelength (no shift has been applied) and the overall feature shape, e.g. the shallow and steep slopes on the short and long wavelength sides of the peak. For the emission cases at least some of the short wavelength 'wing' probably arises from crystalline enstatite.
At these wavelengths, and with a dust temperature around 100 K, the competition between emission and absorption is likely to be more important than at 11 µm, and thus a more sophisticated modelling approach is called for. Even so, our confidence in the detection of crystalline forsterite in deeply embedded YSOs, and that it is (perhaps unexpectedly) common, is increased by consideration of the data and preliminary model presented in Figure B2 .
APPENDIX C: CORRECTING ISO-SWS BAND 4 RESPONSIVITY/MEMORY EFFECTS OF THE UP/DOWN SCANS
Briefly described here is the technique we used to correct the ISO band 4 (28-45 µm) data for memory/responsivity effects in the spectra presented in Figure 11 , Figure 12 and Figure A2 .
The SWS01 mode observed the full spectral range 2.4-45.2 µm of the ISO-SWS in two directions, denoted the 'up' and 'down' scans. These refer to grating steps, such that an 'up' scan actually goes from longer to shorter wavelengths, and vice-versa for the 'down' scan. For band 4 the scan starts at 45.2 µm, where for many of the sources considered here -i.e. massive YSOs, HII regions, Orion, Galactic Centrethe flux is hundreds or even many thousands of Jansky. The band 4 detectors take a finite time to respond to such a sudden signal increase, and so there can be a notable 'droop' in the shape of the spectrum from 40-45 µm. This can be seen in Figure C1 , which shows the uncorrected up and down scans for the AFGL 2591 SWS01 (speed 3) observation of revolution 357. Conversely, when the down scan begins the detectors 'remember' the illumination history and again take time to respond to the new signal level. The resultant spectral shape is not as predictable as the 'droop' of the up scan, but could potentially mimic a spectral feature. Given the possible existence of a 28 µm crystalline silicate band it is important to account for these effects.
We thus assume that the up (down) scan most accurately represents the true spectral shape in the 28-33 µm (40-45 µm) interval. These wavelength intervals are selected based on experience, depending somewhat on the speed of the SWS01. From Figure C1 it can be seen that between 33 and 40 µm the up/down scans overlay quite well for this speed 3 SWS01. This is also the case for most speed 2's, whilst for speed 4 (slowest) the two scan directions overlay quite well from about 30-43 µm.
With this assumption we then fit a low-order polynomial to the two spectral regions, 28-33 µm of the up scan and 40-45 µm of the down scan, and force the other scan to take on that shape. The correction is done at the detector level, i.e. before sigma clipping and averaging, although the same correction is applied to all 12 detectors. Figure C2 shows the result of this procedure for the same data set as in Figure C1 . The up and down scans now overlay well throughout the entire band 4 spectral range. This paper has been typeset from a T E X/L A T E X file prepared by the author. 
